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Preface 





We must be picking the right authors or the right subjects. We have never 
received so many comments, mostly laudatory, for Advances in Pediatrics 
as in the past 3 years. When this was mentioned to the publishers 3 years 
ago, they thought it might be a fluke. But the continued increase in com- 
ments from practitioners, residents, investigators, and a few medical stu- 
dents is highly gratifying. There has been a similar increase in requests for 
permission to use material from previous volumes for other publications; 
this volume promises to be equally as useful and informative. 

Every once in a while, one reads an article that explains all sorts of 
phenomena one would like to understand. Stiehm has written such an 
excellent exposé on the gammaglobulins. Not only does he summarize the 
new uses of the gammaglobulins, but he explains why they work. This is 
must reading. 

Rosenbaum and Leibel have put together, not only from their own re- 
markable studies but also from the work of others, a magnificent review of 
scientific understanding of obesity. This is required study for all those en- 
gaged in the care of obese children. At the least, it provides understanding 
for the high rate of recidivism. 

An exciting chapter in understanding pulmonary and other diseases 
brings together clinical data of long-ago-described syndromes and new 
techniques. Carson and Collier carefully take us through the effect of cilia 
abnormalities in multiple diseases and hopefully provide the first giant step 
in preventing or curing them. 

Only 4 years ago (Advances in Pediatrics, Volume 32) Winter and Mac- 
laren summarized immunotherapy in insulin dependent diabetic children. 
Now, Riley, Maclaren, and Silverstein offer the basis for predicting re- 
sponse to immunotherapy and give further evidence of the immunological 
basis of diabetes. 

Lemanske and Sampson contribute an exciting understanding of food 
allergy as related to skin manifestations. Their thorough review provides 
insight into methods of testing, immunologic bases, places for immuno- 
therapy, food additives, significance of breast feeding as well as proper 
treatment of urticaria, atopic eczema, and dermatitis herpetiformis. 

This paper is followed by an update of pathogenesis and treatment of 
gastrointestinal syndromes associated with food sensitivity by Proujansky, 
Winter, and Walker. This follows the article from the same group 7 years 
ago (Advances in Pediatrics, Volume 28). 

Pediatricians have been bombarded the past few years with questions 
about indoor air pollutants. Angle has made a masterful collation of an- 
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swers to these questions, as well as provided some fundamental data on 
causation, almost suggesting that it’s best not to breathe. Six years ago, 
she with McIntire recommended care in what we eat when discussing lead 
poisoning (Advances in Pediatrics, Volume 29). 

Are we creating Alzheimer’s disease by drinking from aluminum cans? 
Gruskin doesn’t answer this question, but he gives a reasoned report on 
the evidence for aluminum toxicity, the many diseases it causes, how to 
avoid them (especially those that are doctor-induced) and treatment of 
such diseases. 

In one of the most thorough reviews of the diagnosis of iron deficiency 
and its diagnosis, Reeves et al. (Advances in Pediatrics, Volume 30) care- 
fully delineated the care needed and difficulty in making a diagnosis of 
iron deficiency. With the multiple syndromes attributed to iron deficiency, 
Lozoff sorts out the significance of various claims and comes to some sur- 
prising conclusions. 

This is followed by a chapter on one of the important red cell producers. 
The availability of a genetically engineered erythropoietin allows better un- 
derstanding of its effects and functions. Chandra, McVicar, and Clemons 
present the metabolic and physiologic significance of this substance in 
chronic renal failure and its expected uses. These investigators recently 
wrote on pathogenic mechanism in the nephrotic syndrome (Advances in 
Pediatrics, Volume 32). 

Treatment of osteogenesis imperfecta, while far from perfect, has im- 
proved. Even more striking, however, is the study as detailed by Marini, 
in a delightfully understandable fashion, of the importance of the genetics 
of this disorder in opening new vistas of inheritance patterns. 

Methods of measuring blood flow have recently been inundated with 
technology to the benefit of understanding physiology. Berman, Lister, 
Pitt, and Hoffman have combined to write a cohesive description of the 
new techniques to clarify applications of these methods. : 

Persistent diarrhea in young children of normal weight, also termed 
“chronic diarrhea of infancy,” “‘irritable colon,” or “toddlers diarrhea,” is 
a common practical problem. Andres redefines the problem and its signif- 
icance and in addition discusses its differential diagnosis with new material 
obtained from observations in day-care centers. (Rossi T, Lebenthal E, 
Advances in Pediatrics, Volume 30). 

In a departure from the emphasis on advances, the editors have selected 
a review paper with only a few advances. We felt this was necessary be- 
cause the safety and availability of oral rehydration (Levin M, Pizzaro D, 
Advances in Pediatrics, Volume 31) has made the careful calculations and 
monitoring of intravenous therapy less of a necessity. Feld, Kaskel, and 
Schoeneman have nicely brought up-to-date basis of requirements for par- 
enteral fluid therapy, having previously written a superb review on renal 
replacement therapy (Advances in Pediatrics, Volume 32). 

The 14 articles here contain so many new ideas and new approaches 
that summary does not do justice. However, in addition to the advances, 
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the reading hopefully is enjoyable and the text will remain a significant 
reference source. 

In addition to welcoming the new Assistant Editor, Dr. Darryl C. DeVivo, 
an outstanding pediatric neurologist, we thank Dr. John I. Malone for his 
review of several articles and his pithy comments. 


Lewis A. Barness, M.D. 
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Passive immunity (administration of antibodies rather than antigens) for 
the prevention of infectious disease dates from the turn of the century, 
e.g., the injection of equine serum for prevention of diphtheria’ and canine 
serum for prevention of rabies (Table 1).2 Human ‘ ‘convalescent’ serum 
was first used in the early 1900s for the prevention of measles,? pertussis,* 
and mumps.” Use of the antibody- rich y-globulin fraction of human serum 
dates from World War II.° Alcohol ‘“‘Cohn”’ fractionation of pooled human 
serum concentrated the antibodies, eliminated viruses, and provided a 
sterile stabilized product with predictable biologic activity. This product, 
standard human immune serum globulin (HISG), was used shortly there- 
after for the prevention of hepatitis A, measles, and poliomyelitis.° Special 
HISGs, derived from immunized or convalescing donors with high titers of 
antibody, were first prepared for mumps, vaccinia, and pertussis and sub- 
sequently for several other diseases (Table 2). Following the discovery of 
agammaglobulinemia in 1952,’ large quantities of standard HISG were 
used for replacement therapy in this and other antibody immunodeficien- 
cies. 

Thus, standard and special HISGs have held an important therapeutic 
niche in the prevention and treatment of certain disorders for many years. 
They are among the safest biologics, with very few adverse side reactions. 
Their chief disadvantage is the necessity to give them intramuscularly or 
subcutaneously; their intravenous use is associated with severe anaphylac- 
toid reactions, mainly a result of in vivo complement activation. This limits 
the quantity of material that can be given; indeed patients with agamma- 
globulinemia need at least 0.7 ml/kg/month of standard HISG, or 50 ml 
for a 70-kg adult, an enormous and painful quantity of fluid to be injecting 
repeatedly. 

Accordingly, several pharmaceutical companies sought to develop hu- 
man y-globulin preparations that could safely be given intravenously; this 
was first achieved in 1981 with the licensure by Cutter Laboratories of 
Gamimune.® Since then several other companies in the United States and 
abroad have developed similar products for intravenous use. 


Adv Pediatr 35:1—72, 1988 
© 1988, Year Book Medical Publishers, Inc. 
0065-3101/88/35-001-072-$04.00 
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TABLE 1. 
Preparations Available for Passive 
Immunity* 


Animal antiserum and antitoxins 
(for example, diphtheria antitoxin) 

Human immune serum globulins for general use 
Immune globulins for intramuscular use 
Immune globulins for intravenous use 

Special human immune serum globulins 
(for example, hepatitis B immune globulin) 


*From Stiehm ER: Intravenous immunoglobulins as 
therapeutic agents. Ann Intem Med 1987; 107:367. 
Used by permission. 











TABLE 2. 

Special Human {mmune Serum Globulins Available 

Product Abbreviation Use 

Hepatitis B immune globulin HBIG Prevention of hepatitis B 

Varicella-zoster immune VZIG Modification or prevention of 

globulin chickenpox 

Rabies immune globulin RIG Prevention of rabies a 

Tetanus immune globulin TIG Prevention or treatment of tetanus 

Vaccinia immune globulin VIG Prevention or treatment of 
smallpox, vaccinia 

Pertussis immune globulin Treatment of pertussis, efficacy 
doubtful 


Rho(D) immune globulin Rho-GAM Prevention of Rh hemolytic 
disease of newborn 


— 


This product, immune globulin, intravenous (IGIV), has proven to be an 
excellent agent in the theory of antibody deficiency, idiopathic thrombo- 
cytopenic purpura, Kawasaki’s disease, and several other immunologic 
and infectious disorders. 

In this review, the present uses of standard, special, and intravenous 
human immunoglobulins will be outlined and some future uses for such 
products will be described. . 
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a 
Properties of Human IgG Globulin 


The immunoglobulins or y-globulins are the proteins of the plasma and 
tissue made in lymphoreticular tissues that have antibody activity.? Al- 
though there are six classes of immunoglobulin—IgG, IgM, IgA, IgD, IgE, 
and secretory IgA—only IgG is present in significant quantities in HISG. 

IgG is a glycoprotein with a molecular weight of 150,000 daltons distrib- 
uted equally between the serum and the tissues. The IgG molecule is Y- 
shaped with two combining sites, one at the end of each arm. It is made 
up of two heavy (y) chains and two light (k or \) chains held together by 
disulfide bonds and weak covalent forces. Its structure is illustrated in Fig- 
ure 1. 

There are four subclasses of IgG—IgG1, IgG2, IgG3, and IgG4—com- 
posing about 66%, 23%, 7%, and 4%, respectively, of the total serum IgG 
(Table 3). Most normal persons have IgG molecules of all subclasses. 
These subclasses have minor antigenic differences in the heavy chains, 
resulting in important biologic differences. For example, the IgG3 subclass 
has a shorter half-life (7 days vs. 21 days), IgG2 is more resistant to pro- 
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FIG 1. 

An IgG molecule. N indicates aminoterminal end and C indicates the carboxyter- 
minal end. Intrachain and interchain disulfide bonds are indicated by arrows. Each 
chain consists of one variable and several constant segments. Numbers on lower 
chains refer to the number of amino acid residues composing each portion of the 
molecule. 
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TABLE 3. 
Properties of Human IgG Subclasses 
IgGl IgG2 IgG3 IgG4 

Relative content in serum (%) 66 Ze 7 4 
Serum half life (days) 21 21 He 21 
Deficiency levels (mg/dl) <300 <100 <40 0 
Transplacental transfer + aF + + 
Complement binding ++ + f ee 0 
Monocyte binding + 0 a 0 
Staph A binding + + 0 + 
Mast cell binding 0 0 0 + 
Gm factors Many Gm23only Many 0 
Antibody to protein antigens +++ od +. ++ 
Antibody to polysaccharide antigens 5 toca 0 sf 





teolytic digestion, each genetic IgG (Gm) factor resides in only one of the 
subclasses, IgG4 cannot bind to complement, IgG2 has most of the anti- 
bodies to polysaccharide antigens, etc. The distribution of the IgG sub- 
classes in HISG approximates that of serum. Deficiencies of IgG sub- 
classes, despite near normal total IgG, have been described. 

In addition to subclass heterogeneity, there is genetic heterogeneity of 
IgG molecules, the Gm types, Gm1, Gm2, Gm20, etc. These are due to 
minor antigenic differences (often due to a single amino acid difference) of 
the heavy chains under genetic control. Unlike the IgG subclasses, an in- 
dividual will have a limited number of the 25 known Gm types, based on 
Mendelian genetics. An individual exposed to an IgG of a Gm type that 
he or she lacks may develop an antibody (an anti-Gm) to the foreign Gm. 

IgG has a mean half-life of 20 days, the longest half-life of any plasma 
protein (the mean being the average of all of the IgG subclasses). The 
synthetic rate of IgG is 35 mg/kg of body weight per day, equivalent to 2 
gm of IgG synthesized by a 70-kg adult. IgG metabolism is regulated by 
the serum level of IgG, with an increase in catabolic rate with high levels 
of IgG and a decrease at low levels. Thus, the IgG half-life of patients with 
agammaglobulinemia is prolonged to 35 to 40 days. 

IgG is made primarily in plasma cells that have differentiated from cir- 
culating B-lymphocytes. These are located in central lymphoid tissues 
(lymph nodes, bone marrow, spleen, and liver), and peripheral lymphoid 
tissues (secretory glands, intestinal wall). IgG destruction occurs within 
granulocytes (after phagocytosis of IgG-coated bacteria and particles) in 
the reticuloendothelial system, and in the gastrointestinal tract. IgG readily 
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crosses the placenta during late pregnancy, providing passive immunity to 
the newborn for about 6 months. 

IgG, comprising about 80% of the serum immunoglobulin (mean adult 
serum level, 1,200 mg/dl), is the chief component of the body’s serologic 
defenses. It contains most of the antibacterial, antiviral, antiprotozoal, and 
antitoxic activity of the serum. Many cells (e.g., lymphocytes, macro- 
phages, killer cells, some granulocytes) have a receptor for the nonanti- 
body (Fc) portion of IgG, permitting attachment of IgG to these cells. The 
presence of antibody on target cells (tumor cells, heterologous erythro- 
cytes, allogeneic lymphocytes) may permit antibody-dependent cytotoxic- 
ity by some lymphocytes, neutrophils, and macrophages. 

IgG can also activate the complement system, promote opsonization, 
and participate in antibody-dependent cytolytic reactions. The distribution 
of IgG within the tissues permits its participation in extravascular immune 
reactions. 

IgG antibodies are potent inhibitors and competitors of other immune 
responses. Newborns do not form antibodies to vaccine antigens (e.g., 
measles) if they have received significant maternal antibody to that anti- 
gen. The inhibition of Rh sensitization by passive administration of Rh an- 
tibodies is used to prevent Rh hemolytic disease of the newborn. Success- 
ful allergy desensitization partially results when highly avid IgG-blocking 
antibodies develop; these prevent an allergen from reacting with an IgE- 
coated mast cell and initiating an allergic response. 


a 
Use of Standard Human Immune Serum Globulin 


Standard HISG for intramuscular administration is used for the treatment 
of antibody deficiencies (Table 4) and for the prevention or modification 
of several infectious disorders (Table 5). 


Pharmacology of HISG 


HISG is prepared by alcohol fractionation of pooled human serum by 
Cohn’s alcohol fractionation procedure (thus deriving its alternative name 
of Cohn fraction II). This procedure removes most other serum proteins, 
hepatitis viruses, and human immunodeficiency virus (HIV), thus providing 
a safe product for intramuscular injection. It is reconstituted as a sterile 
16.5% solution (165 mg/ml) with thimerosal as a preservative.* It contains 
a wide spectrum of antibodies to viral and bacterial antigens. 

HISG is 95% IgG globulin, but trace quantities of IgM and IgA and other 
serum proteins are present. The IgM and IgA are therapeutically insignifi- 
cant because of their short half-lives (about 7 days) and their low concen- 
trations. HISG contains all IgG allotypes (Gm and Km types). 

HISG is approved only for intramuscular or subcutaneous use; intrave- 


*In the United States. In many other countries, HISG is preservative free. 
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TABLE 4. 
Immunodeficiencies in Which Immunoglobulin May 
Be Beneficial* 


Antibody deficiencies 
X-linked agammaglobulinemia 
Common variable immunodeficiency 
Transient hypogammaglobulinemia of infancy (sometimes) 
IgG subclass deficiency +/— IgA deficiency (sometimes) 
Antibody deficiency with normal immunoglobulin levels 
Combined deficiencies 
Severe combined immunodeficiencies (all types) 
Wiskott-Aldrich syndrome 
Ataxia-telangiectasia 
Short-limbed dwarfism 
X-linked lymphoproliferative syndrome 
Secondary immunodeficiencies 
Protein-losing enteropathies with hypogammaglobulinemia 
Malignancies with antibody deficiencies; multiple myeloma, chronic 
lymphocytic leukemia 
Nephrotic syndrome 
Pediatric acquired immunodeficiency syndrome 
Burns 
Prematurity 


*From Stiehm ER (moderator): Intravenous immunoglobulins as therapeutic 
agents. Ann Intem Med 1987; 107:367. Used by permission. 


a 





nous injections of HISG are contraindicated. It aggregates in vitro to large- 
molecular-weight complexes (9.55 to 40 S), which are strongly anticom- 
plementary. These aggregates are probably responsible for the occasional 
systemic reactions to HISG. The incidence of these reactions is increased 
if the recipient has received y-globulin previously or if given intravenously. 
Agammaglobulinemic boys with affected male relatives (suggesting X- 
linked inheritance) may have a lower incidence of reactions.!° Small intra- 
dermal injections of HISG are not of value (except as a placebo), and they 
are also contraindicated. 

The maximum increase of the serum IgG level after a standard HISG 
injection will vary from patient to patient and from dose to dose because 
of different rates of absorption, local proteolysis at the injection site, and 
distribution within the tissues. An intramuscular injection of 100 mg/kg of 
HISG usually raises the IgG serum level by 100 mg/dl after 2 to 4 days.*? 
Thus, a recent HISG injection usually does not obscure the diagnosis of 
agammaglobulinemia or hypogammaglobulinemia. 
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Adverse Effects of HISG 


Although HISG is one of the safest biologic products available, rare ana- 
phylactic reactions to intramuscular injections have been reported, partic- 
ularly in patients requiring repeat injections.!* The United Kingdom’s Med- 
ical Research Council Working Party’® noted such reactions in 33 of 175 
patients (19%) treated over a 10-year period. In all there were 85 reactions 
to about 40,000 injections; in eight patients the injections were stopped as 
a result of these adverse effects, and one death was recorded. Such reac- 
tions occurred at any stage of treatment and were unrelated to any partic- 
ular lot number of HISG or its anticomplementary activity. The symptoms 
include anxiety, nausea, vomiting, malaise, flushing, facial swelling, wheez- 
ing, cyanosis, and loss of consciousness. Immediate treatment with epi- 
nephrine and antihistamines is indicated. 

Individuals who experience such reactions should be evaluated prior to 
a repeat injection. Skin testing using several lots of HISG should be 
done.’” A skin test that is positive for an old but not a new lot of HISG 
may indicate a particular idiosyncratic reaction to a particular unit. Under 
these circumstances incremental doses of HISG from a new lot are rec- 
ommended. Other patients develop IgE antibodies to IgG resulting in pos- 
itive skin tests.!$ In others, no cause of the reactions can be found. Some 
of these patients will tolerate repeated small doses of HISG, particularly if 
they are premedicated with aspirin, diphenhydramine, or corticosteroids. 
A few patients have developed IgG or IgE antibodies to the IgA present in 
minute quantities in the HISG. These IgA antibodies can be detected by 
serologic methods. IGIV with low IgA content or IgA deficient plasma can 
be used under these circumstances. 

Some patients given y-globulin (or plasma) may develop antibodies to 
a genetic y-globulin allotype different from their own (usually anti-Gm an- 
tibodies). Allen and Kunkel!* found anti-Gm antibodies in 17 of 24 thal- 
assemic children given repeated blood transfusions. Stiehm and 
Fudenberg’® noted anti-Gm antibodies in normal children given single 
y-globulin injections and hypogammaglobulinemic children given repeated 
y-globulin injections. Patients with severe antibody immunodeficiency do 
not develop such antibodies. One plasma transfusion reaction was attrib- 
uted to a Gm-anti-Gm interaction."® Patients with antibodies to IgA may 
have a reaction to y-globulin as a result of the tract quantities of IgA in 
HISG.'” However some patients with combined IgA and IgG2 deficiency 
with anti-IgA antibodies tolerate treatment with IGIV, particularly IGIV with 
low levels of IgA.*® 

Administration of exogenous y-globulin may theoretically inhibit the en- 
dogenous synthesis of ‘y-globulin. In immunodeficiency with hyper-IgM, 
intramuscular IgG results in diminution of IgM levels, suggesting feedback 
inhibition of endogenous IgM synthesis.!? We have noted depressed IgG 
levels in a few patients with transient hypogammaglobulinemia given HISG 
from early infancy; these normalize when the injections are stopped. 
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Late side effects to HISG injections are uncommon; however, some pa- 
tients develop fibrosis of the buttocks or localized subcutaneous atrophy at 
the site of repeated injections. Repeated injections of HISG may result in 
high levels of mercury as a result of the thimerosal preservative. Although 
one patient developed acrodynia as a result of such therapy,7° most re- 
main asymptomatic. 


HISG in Antibody Deficiencies 


Patients with primary antibody deficiency, primary combined (T cell and 
antibody) deficiency, and secondary antibody deficiency may benefit from 
repeated injections of intramuscular y-globulin. A list of these disorders 
was provided in Table 4. In general, all patients with IgG serum concentra- 
tions less than 200 mg/dl will need and will benefit from IgG injections. In 
addition most patients with IgG concentrations between 200 and 400 mg/ 
dl will benefit from IgG injections, although if antibody levels are function- 
ally normal, IgG injections may not be necessary. Any patient with func- 
tional antibody deficiency despite the concentration of IgG is also a can- 
didate for -y-G globulin therapy. If platelet counts are less than 20,000/l 
or a bleeding tendency exists, HISG and other intramuscular injections are 
contraindicated because of the risk of intramuscular hemorrhage. 

The initial decision as to whether IGIV or HISG will be used in the 
treatment (or continuation of treatment) of antibody deficiency is based on 
the considerations in Table 13. At similar doses, the agents are therapeu- 
tically comparable. Most young infants under age 2, because of poor ve- 
nous access, need to receive HISG. Many older patients prefer HISG be- 
cause they have been receiving injections for a long time without difficulty 
or do not like the long duration for administration or the expense of IGIV 
therapy. 


Dosage 


The usual dosage of HISG for antibody immunodeficiency is 100 mg/kg/ 
month, about equivalent to 0.7 ml/kg/month of the commercially available 
16.5% (165 mg/ml) product. A double or triple dose is given at the onset 
of therapy, often over a 3- to 5-day period. The maximum dosage should 
not exceed 20 or 30 ml/week. Few studies of the optimal dosage are avail- 
able; however, the Medical Research Council Working Party’? found that 
25 mg/ka/week (100 mg/kg/month) was equivalent therapeutically to 50 
mg/kg/week, but that 10 mg/kg/week was inadequate. 

The HISG should be given at multiple sites to avoid giving more than 5 
ml at any one site (10 ml in a large adult). The buttocks are the preferred 
sites, but the anterior thighs can also be used. Tenderness, sterile ab- 
scesses, fibrosis, and sciatic nerve injury may result from these injections. 
The danger of sciatic nerve injury is especially great in a small malnour- 
ished infant with inadequate muscle and fat in the gluteal regions. 

The injections are initially given at monthly intervals. If the patient con- 


10 / ER. Stiehm 


tinues to have infection or if a characteristic symptom recurs at the end of 
the injection period (such as cough, conjunctivitis, diarrhea, arthralgia, or 
purulent nasal discharge), the interval between doses is decreased to 3 or 
2 weeks. Older patients often report that they can tell when their IgG level 
is low and when they need another injection. During acute infections, IgG 
catabolism increases, so extra injections of HISG should be given. 

Since no specific serum level of IgG must be or can be maintained, serial 
serum IgG assays are generally unnecessary in assessing the effectiveness 
of HISG treatment. 


Slow Subcutaneous HISG Infusions 


As an alternative to intramuscular injections for antibody deficiency, HISG 
can be given to immunodeficient patients by slow (1 to 2 ml/hour) subcu- 
taneous injections.2) These injections are self-administered into the ab- 
dominal wall with a battery-operated pump (Auto syringe). These injec- 
tions are well tolerated and enable the patients to get increased quantities 
of HISG and maintain higher serum levels of IgG. We have utilized this 
method successfully in a man who had repeated anaphylactic reactions to 
intramuscular HISG.” 


HISG in Measles 


The first successful prophylaxis of measles with convalescent serum was 
reported by Cenci? in 1907. Serum was first used in the United States in 
1916 by Park, Freeman, and Zingher, who gave 41 recently exposed chil- 
dren at New York Metropolitan Hospital either 4 or 8 ml of convalescent 
serum.” 74 None of the 20 children receiving the 8-ml dose and three of 
the 20 children receiving the 4-ml dose developed measles. Park and 
Freeman”? in 1926 found that 6 to 10 ml of convalescent serum was 92% 
efficacious in preventing measles in recently exposed individuals, a finding 
confirmed and extended by Stillerman et al.”° Placental extracts containing 
serum antibodies also were used in the prevention and modification of 
measles.”° 

Studies by Stokes et al.2” and Ordman et al.?° in 1944 established that 
(1) large doses (0.05 ml/kg) of HISG given immediately after exposure 
could prevent measles, (2) lesser doses (0.01 ml/kg) given immediately 
after exposure could modify measles, and (3) large doses (0.05 ml/kg) 
given in the early stages of clinical illness could lessen the severity of mea- 
sles. 

Black and Yannet*? in 1960 observed that ten of 38 children given 
HISG (0.1 ml/lb) during a measles epidemic at a mental institution devel- 
oped antibodies but had no clinical evidence of disease, suggesting pas- 
sive-active immunity. Greenberg et al.*! in 1955 noted that there was a 
lower incidence of measles encephalitis in HISG-modified measles. 

The next use of HISG in measles was in diminishing side effects of the 
Edmonston strain of attenuated measles vaccine. Krugman et al.°” in 1962 
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noted that the simultaneous administration of 0.02 ml/b of HISG and Ed- 
monston measles vaccine, compared with the vaccine alone, reduced the 
incidence of high fever from 40% to 14% and the incidence of rash from 
10% to 2%. The mean titer of measles antibody achieved was somewhat 
reduced by the HISG, and there was a slight decrease in the rate of sero- 
conversion; nevertheless, the vaccine-HISG combination was 95% effec- 
tive.*> The use of further attenuated measles vaccine has eliminated the 
necessity for concomitant HISG injections. Further, the widespread use of 
measles vaccine has greatly reduced the need for HISG for measles pro- 
phylaxis. 


Recommendations 


In nonvaccinated normal infants and children exposed to measles, a pre- 
ventive dose of HISG (0.25 ml/kg intramuscularly) should be given as 
soon as possible after exposure. Twelve or more weeks later, measles vac- 
cine should be given for permanent immunity. Alternatively, an attenuating 
dose of HISG can be given at a lower dose (0.05 ml/kg). In normal infants, 
6 to 15 months of age with a high risk of exposure to measles (e.g., an 
infant traveling to a country where there is endemic measles), 0.25 ml/kg 
of HISG can be given at 3-month intervals to prevent measles. Vaccination 
before 15 months of age may not be effective and can lead to a partial 
state of tolerance to subsequent vaccine.*4 

High-risk children exposed to measles (those with leukemia, lymphoma, 
generalized malignancy, immunodeficiency, or taking immunosuppressive 
drugs) should be given a larger dose (0.50 ml/kg, maximum 15 ml). Im- 
munodeficient children receiving regular doses of HISG do not require 
additional HISG upon measles exposure. 


HISG in Hepatitis A (Infectious Hepatitis) 


The widest use of HISG by the pediatric practitioner is in the prevention 
of hepatitis A. Its efficacy has been demonstrated repeatedly since the 
1945 studies of Stokes and Neefe*? aborting an epidemic in a children’s 
summer camp, of Havens and Paul°® controlling an institutional epidemic, 
and of Gellis and associates®” preventing hepatitis A in the Mediterranean 
theater of operations at the close of World War II. There is no other effec- 
tive means of prophylaxis for close family contacts (although scrupulous 
cleanliness may interrupt the intestinal-oral circuit of transmission when 
contacts are not using the same hygienic facilities). 

HISG is efficacious in hepatitis A if given any time during the incubation 
period up until 6 days before the onset of, disease. The protection persists 
for a period of 6 to 8 weeks. Stokes et al. noted that a single small dose 
of HISG (0.02 ml/kg) provided a degree of protection for up to 9 months 
for individuals residing at an institution in which hepatitis A was endemic. 

The effectiveness of HISG in hepatitis A varies from 80% to 95%, de- 
pending on how soon it is administered after exposure and the severity of 


12 / E.R. Stiehm 


the exposure.°’ HISG suppresses the clinical manifestations of the disease, 
but anicteric hepatitis is not prevented, and the ratio of anicteric hepatitis 
to icteric hepatitis may be as high as 12:1.*° Since the period of protection 
may exceed the expected duration of the HISG, the concept of passive- 
active immunity has emerged in which, as a result of continuous exposure, 
a mild illness ensues and, in turn, confers long-lasting immunity.°* * This 
has led to the recommendation that individuals living in an endemic area 
receive only one additional HISG injection after the initial injection. How- 
ever, Woodson and Clinton*! noted several cases of hepatitis A in Peace 
Corps volunteers serving 2 years in endemic areas, occurring up to 26 
weeks after the last HISG injection. They recommended that HISG be 
given at 4-month intervals for the duration of exposure. 

The initial studies of Stokes and Neefe* employed a dose of 0.15 ml/ 
Ib. Other early workers used doses of 0.06 ml/lb to 0.12 ml/lb.*° 37 Stokes 
et al.*° in 1951 showed that doses as little as 0.01 ml/lb were effective in 
limiting spread but not totally preventing hepatitis. Hsia et al.47 in 1954 
also noted that a dose of 0.01 ml/lb was effective in preventing hepatitis 
among family contacts. Ward and Krugman*? in 1958 were able to reduce 
the incidence of hepatitis in institutional patients from 19.5 cases per 1,000 
to 7.4 cases per 1,000 with 0.01 ml/kg and to 1.7 cases per 1,000 with 
0.06 ml/kg. The larger dose may be particularly important in adults, since 
they get more severe disease. 

The development of antibody tests for hepatitis A provides a way to 
determine (1) the immunity of a subject, (2) presence of inapparent infec- 
tion, (3) the titer of hepatitis A virus in lots of HISG, and (4) the validity 
of the passive-active immunity concept.** “ In later studies, Krugman 
showed that an HISG preparation with a titer of 1:3,200 by an immune 
adherence test was effective in neutralizing the infectivity of MS-1 serum, 
a serum known to contain hepatitis A virus. Among seronegative children 
who received the HISG-—hepatitis A mixture, six remained seronegative 
and two became seropositive; one became ill. By contrast, eight of 14 
children who received MS-1 serum without HISG developed hepatitis. 

Most current lots of HISG have antibodies to hepatitis A virus (anti- 
HAV), determined by a competitive-inhibition radioimmunoassay (RIA). 
Titers greater than 1:100 are protective. Recent lots of HISG may contain 
more antibodies to hepatitis A virus than lots obtained 10 years ago.*® 


Recommendations 


Individual Exposure.—Individuals, either adults or children, with 
known intimate exposure to hepatitis A such as a household or child care 
contact should be given a single dose of 0.02 ml/kg of HISG. This includes 
newborns of mothers with hepatitis. Serologic testing for hepatitis A posi- 
tivity is unnecessary and may delay administration of HISG. The use of 
HISG after 2 weeks of exposure is not indicated. 

HISG is usually unnecessary for children exposed to hepatitis A at day 
school. However, HISG prophylaxis is recommended for children exposed 
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at a boarding school or in a school for retarded children, where the op- 
portunities for fecal-oral route transmission are increased. Hospitalized chil- 
dren exposed to another child with hepatitis A on the hospital ward need 
not be given HISG. 

Institutional Outbreaks.—Institutional hepatitis A outbreaks such as 
in boarding schools, day care centers, facilities for the mentally retarded, 
or prisons require aggressive action. Other cohorts, employees, and adult 
members of the households of infants who wear diapers and who attend 
these facilities should be treated immediately with 0.02 mg/kg of HISG. If 
an outbreak of hepatitis A is traced to a food handler, HISG should be 
given to his or her close contacts and other restaurant employees. *’ 

Foreign Travel.—Ordinary tourist travel does not require HISG pro- 
phylaxis. However, individuals going to developing countries should re- 
ceive 0.02 ml/kg of HISG if they intend to stay less than 3 months. If 
longer stays are anticipated, testing for immunity to hepatitis A virus is 
advisable. Nonimmune individuals should receive 0.06 ml/kg of HISG, re- 
peated every 4 to 5 months. Some recommend stopping after one or two 
supplemental injections, with the hope that active immunization has en- 
sued. It seems relatively innocuous to continue the HISG until there is 
clinical or serologic evidence that active immunity has been established. 
Most individuals who reside permanently (longer than 2 years) in endemic 
areas do not maintain their HISG injections. 

Primate Exposure.—Certain subhuman primates such as chimpan- 
zees may carry hepatitis A virus. Animal handlers should observe scrupu- 
lous hygiene and be tested for hepatitis A virus antibody. If they are found 
to be susceptible, prophylaxis with HISG, 0.06 ml/kg every 5 months, is 
advisable. 

Needle Exposure.—HISG is indicated for individuals accidentally in- 
oculated with blood or serum from a patient with hepatitis A. The recom- 
mended dose is 0.02 ml/kg of HISG. Pregnancy is not a contraindication 
to HISG. 


HISG in Hepatitis B (Serum Hepatitis) 


In contrast to its proven efficacy in the prophylaxis of hepatitis A, HISG is 
not consistently able to prevent hepatitis B (“serum hepatitis’), thus mak- 
ing a definite recommendation for its routine use impossible. Part of this 
inconsistency derives from the fact, not appreciated in early studies, that 
most cases (up to 80%) of posttransfusion hepatitis are not due to the 
hepatitis B virus. 

The initial study of HISG in hepatitis B was conducted in 1945 by 
Grossman et al.*® who treated alternate battle casualties given whole blood 
or plasma with two 10-ml injections of HISG 1 month apart. The incidence 
of icteric hepatitis was 1.3% in 384 HlSG-treated patients and 9.9% in 
384 control patients, a highly significant difference that suggested a bene- 
ficial effect of HISG. In 1947, Duncan et al.*? reported the results from a 
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similar study, though they gave only one 10-ml injection; hepatitis oc- 
curred in 1.2% of 2,406 patients in the HISG-treated group and 0.9% of 
patients in the control group, an insignificant difference. Significant prolon- 
gation of the mean incubation period in the HISG-treated group (to 103 
days) compared with that in the control group (87 days) was noted. Drake 
et al.°° could not demonstrate a beneficial effect of HISG derived from 
convalescent hepatitis patients when given to volunteers deliberately inoc- 
ulated with blood or serum from an infected patient. The HISG was inef- 
fective when given intramuscularly or when mixed with the infective serum 
prior to its injection. 

Holland et al.°* could not alter the incidence or severity of posttransfu- 
sion hepatitis in 84 open-heart surgery patients compared with 83 controls 
by giving HISG in two 10-ml doses 1 month apart. These findings were 
confirmed in a large cooperative study of 5,189 transfused cardiovascular 
patients given 10 ml of HISG during the first, fourth, and seventh postop- 
erative weeks.°” In more recent studies, Redeker and associates*? could 
not demonstrate that HISG protected spouses of individuals with type B 
hepatitis. Similarly, Kuhns et al.°* could not reduce the incidence of post- 
transfusion hepatitis B with 20 ml of HISG. Both of these latter studies 
used HISG with low titers of antibody to the hepatitis B surface antigen 
(HBsAg). 

These negative results are in contrast to several positive results. Torii et 
al.°° reported that three cases of posttransfusion hepatitis developed in 18 
patients given 20 ml or less of HISG, whereas no hepatitis developed in 
63 transfused patients given 30 ml or more of HISG. Csapé et al.°° noted 
only one case of hepatitis in 182 premature infants given 8 ml/kg of a 10% 
solution of HISG at the time of first blood transfusions, while 15 of 205 
control infants who did not receive HISG developed hepatitis. Mirick et 
al.°’ noted that 10 ml of HISG given within 1 week of blood transfusion 
and again 1 month later reduced the incidence of icteric posttransfusion 
hepatitis from 3.89% to 1.07%. The incidence of anicteric hepatitis (6.3%) 
was not altered, indicating that the HISG modified some infections to an- 
icteric and usually asymptomatic disease. Katz et al.°® were able to reduce 
the incidence of icteric posttransfusion hepatitis from 0.89% of 2,019 pa- 
tients to 0.25% of 1,970 patients by adding 10 ml of 6% hydrolyzed 
(modified) HISG to each unit of blood prior to transfusion. No reduction 
of anicteric hepatitis was observed. 

Several factors are probably responsible for the variation of effectiveness 
of HISG in hepatitis B. One is the variable degree of exposure to the 
hepatitis B virus, which can be massive (as with a blood transfusion) or 
minimal (as with a casual sexual partner or household contact). A second 
factor is the variable level of hepatitis B antibody in various lots of HISG. 
It is now possible to measure the antibody content of HISG, usually by 
measuring anti-HBs; HISG lots with low titers are not protective.°? Finally, 
HISG may be more effective in the prevention of other posttransfusion 
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hepatitis infections than in the prevention of posttransfusion hepatitis B. It 
is now recognized that only 20% to 30% of posttransfusion hepatitis is due 
to hepatitis B, as indicated by the presence of the HBsAg; presumably 
most are due to other viruses and have been termed non-A, non-B hepa- 
titis, or hepatitis C. 

Gerety et al.°? showed that many (7% to 92%) of the HISG lots pro- 
duced before 1972 had insignificant levels of anti-HBs antibody, but that 
since 1979 all tested HISG lots have anti-HBs titers of greater than 1:100 
by RIA. These titers are significantly lower than those of hepatitis B im- 
mune globulin (HBIG), which has a titer of at least 1: 100,000. 

Perrillo et al.°° compared the efficacy of HBIG and HISG following in- 
timate (sexual) exposure to an index case of hepatitis B. Patients were 
given a single intramuscular injection of 0.06 ml/kg or 0.12 ml/kg of HISG 
or 0.06 ml/kg of HBIG. The anti-HBs titer of the HISG was 580 units, 
compared with a titer of 950,000 units in the HBIG. Despite these titer 
differences, all three regimens were equivalent. Four of 21 (19%) of the 
low-dose HISG group, three of 20 (15%) of the high-dose HISG group, 
and two of 19 (11%) of the HBIG group developed serologic evidence of 
infection. Two of the low-dose HISG patients developed clinical hepatitis, 
but none in the two other groups did. They suggest that current lots of 
HISG can be substituted for HBIG under certain circumstances, particu- 
larly if a higher HISG dose (0.12 ml/kg) is used. 


Recommendations 


Because of the availability of HBIG (discussed later), HISG is only occa- 
sionally used in the prevention of hepatitis B. HBIG or HISG is recom- 
mended following parenteral or mucous membrane (oral, sexual, ophthal- 
mic) contact with individuals with hepatitis B infection or with HBsAg- 
positive materials (blood, plasma) and for neonates exposed to HBsAg 
mothers. When exposure is definite and/or extreme, HBIG is always the 
preferred product because of its higher anti-HBs titer. 

Lots of HISG must have an anti-HBs of 1:100 by RIA; this titer is con- 
sidered protective but is considerably less than the anti-HBs content of 
HBIG (at least 1:100,000). Because it is more widely available and con- 
siderably less expensive, HISG can be substituted for HBIG at equivalent 
or double doses under some circumstances. It is particularly valuable in 
situations in which the exposure is slight or unknown (e.g., exposure to a 
sexual partner, institutional exposure) or following exposure to a source 
that can be tested for HBsAg positivity. Under these circumstances, HISG 
(0.06 to 0.12 ml/kg) can be given immediately; if the source is proven to 
be HBsAg positive, HBIG is then given within 7 days and repeated at 30 
days. 

Bokatiss of the lower titer of anti-HBs in HISG, a double dose of HBIG 
(0.12 ml/kg, maximum 10 ml) rather than the usual HBIG dose (0.06 ml/ 
kg, maximum 5 ml) is recommended. 
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HISG in Non-A, Non-B Hepatitis 


In 1976 Knodell et al.°? showed that the incidence of icteric and nonicteric 
posttransfusion hepatitis could be reduced by administering either 10 ml 
of HBIG or HISG before cardiac surgery requiring multiple blood transfu- 
sions. Eight of 94 patients in the placebo-treated group developed icteric 
hepatitis, compared with one of 92 in the HBIG-treated group and one of 
93 in the HISG-treated group. Since most of the patients who developed 
hepatitis had no serologic evidence of hepatitis B, cytomegalovirus (CMV), 
or Epstein-Barr virus infection and since HISG and HBIG were equally 
efficacious, they concluded that HISG (and HBIG) was reducing the risk 
of posttransfusion non-A, non-B hepatitis. Seeff et al.©* also noted that 
HISG (two 10-ml doses at 1-month intervals) reduced the incidence of 
posttransfusion icteric hepatitis from 7.1% to 2.9%; however, there was no 
reduction in the incidence or severity of hepatitis B. 

In recent studies, Simon® was able to reduce the incidence of non-A, 
non-B hepatitis in hemodialysis patients by giving 5 ml of HBIG every 7 
weeks. Non-A, non-B hepatitis affected 31 of 83 controls but only two of 
67 HBIG recipients. Since none of the patients developed HBsAg, the 
protective effect of the HBIG was thought to be due to the presence of 
antibodies to non-A, non-B hepatitis virus. Sugg et al.°* reduced the inci- 
dence of non-A, non-B hepatitis following cardiac surgery from 4.8% (ten 
of 208 cases in untreated controls) to 2.4% (five of 209 treated cases) by 
giving 15 ml of HBIG at the time of surgery. 


Recommendations 


Routine administration of HISG after blood transfusion to prevent hepatitis 
B or non-A, non-B hepatitis is not recommended. However, it might be 
considered following transfusion of a patient whose life would be threat- 
ened by the development of hepatitis. A dose of 0.12 ml/kg of HISG can 
be used. 


HISG in Poliomyelitis 


Before the development of poliomyelitis vaccines in the mid-1950s, HISG 
was used extensively in the prevention of poliomyelitis. Bodian® © 
showed that Red Cross HISG had neutralizing antibody to all three strains 
of poliovirus in approximately equal titers and that rhesus monkeys given 
intramuscular poliovirus could be protected against disease by subcuta- 
neous administration of HISG. 

Bloxsom,°’ in an uncontrolled study during a 1948 Texas epidemic, 
gave 841 contacts an average dose of 2 ml of HISG and noted only four 
cases at 1, 2, 3, and 42 days after the HISG injection. He suggested that 
the HISG was given too late to prevent the first three cases and that pro- 
tection had worn off in the fourth case. 

A committee on immunization of the National Foundation for Infantile 
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Paralysis recommended in March 1951 that a controlled study be con- 
ducted on the efficacy of HISG in the prevention of poliomyelitis during 
epidemics. Hammon and associates® subsequently undertook a massive 
field study in communities in three states during poliomyelitis epidemics. 
Fifty-five thousand children ages 1 to 11 received either HISG (average 
dose, 0.14 ml/b) or gelatin in a double-blind fashion. During the first week 
after injection, 12 cases occurred among the HISG recipients and 16 cases 
occurred among the gelatin recipients. In the second week, there were 
three and 23 cases in the two groups, respectively, and in the third to fifth 
week there were six and 38 cases in the two groups, respectively. When 
protection was incomplete, there was some alteration of severity. Protec- 
tion waned by 6 weeks and disappeared by 8 weeks. These clinical results 
were confirmed by virus isolation or rise in antibody titers in affected pa- 
tients. 

HISG is an inefficient method of poliomyelitis prophylaxis, preventing 
only one case for every 500 to 2,000 injections, and then only for a brief 
time. Its chief value was in close family contacts of affected children and 
in aborting severe local epidemics. 


Recommendations 


The use of HISG rarely is indicated in the prevention of poliomyelitis. An 
exposed unimmunized subject should be given 0.15 ml/kg of HISG. An 
unimmunized patient who is traveling to an endemic or epidemic area and 
who cannot have vaccine also can be given this dose of HISG for tempo- 
rary protection. 


HISG in Rubella 


Rubella prevention by HISG is controversial because of its unreliable effi- 
cacy. Early studies such as those of Greenberg”’ in 1947 suggested some 
prophylactic benefit. Greenberg gave 20 children exposed to rubella 5 ml 
of HISG; none developed rubella, whereas six of 20 noninjected controls 
did develop rubella. Korns”° in 1952 showed that one lot of HISG at a 
dose of 0.1 ml/b partially protected mentally retarded institutionalized sub- 
jects against epidemic rubella. Nine of 45 HISG-injected subjects devel- 
oped rubella compared with 35 of 60 uninjected controls, a significant 
difference. However, another HISG lot was ineffective and a third was 
only slightly effective, suggesting that their titers of rubella antibodies var- 
ied significantly. 

Grayston and Watten”? studied the efficacy of HISG during a rubella 
epidemic in Taiwan in 1958. They found that 5 ml of HISG could reduce 
the incidence of clinical rubella from 20.4% to 8.5%. Lower doses were 
not effective. The period of protection lasted from 1 to 12 weeks after 
inoculation. There was no evidence of modification of infection. Brody et 
al.’“ carried out similar studies during an epidemic in Alaska in 1964. 
HISG (0.55 ml/kg) resulted in an attack rate of 18% in school-age boys; 
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in uninjected girls the attack rate was 89%. Fifteen of 40 boys who were 
given HISG and who did not develop clinical rubella had a rise in anti- 
body, indicating subclinical infection. The HISG protection lasted for 1 
month. 

Houser and Schalet’? were able to prevent rubella completely with 
doses of 15 ml of HISG given to military recruits prior to exposure to 
rubella. Thus, passive immunity is best achieved by early administration of 
large doses. 

Green et al.’”* and Krugman and Ward” conducted the most extensive 
studies on HISG prophylaxis in rubella, aimed at answering the question 
of its value in the prevention of congenital rubella syndrome when given 
to exposed expectant mothers in the first trimester of pregnancy. They 
deliberately exposed 200 children to rubella virus (as infected serum) by 
intramuscular injection or aerosol into the pharynx; this was, respectively, 
100% and 80% effective in transmitting infection. HISG containing neu- 
tralizing antibody at titers of 1:32 to 1:64 given at doses of 0.12 to 0.2 
ml/lb had no demonstrable effect in preventing rubella in experimentally 
inoculated subjects or in patients exposed to rubella. Viremia was not pre- 
vented, although the duration of viremia was shortened. The HISG dose 
was selected to approximate the 20-ml dose generally given to exposed 
pregnant women. 

Lundstrom et al.’° gave 251 exposed pregnant Swedish women 4 ml of 
convalescent rubella immune globulin and gave 28 exposed pregnant 
women 24 ml of standard HISG. Six of 251 (2.4%) developed rubella; 
three of these six women aborted, and one had a child with probable 
congenital rubella. None of the 28 women given 24 ml of HISG contracted 
rubella. They believed that this low incidence represented a significant pro- 
tective effect. Their later studies demonstrated that convalescent rubella 
immune globulin given to women with manifest rubella did not protect 
against congenital rubella or lessen the probability of fetal damage. ’’ 


Recommendations 


The use of HISG to prevent rubella in males and nonpregnant females is 
not indicated because of the mildness of disease and the possible interfer- 
ence with active immunity. 

HISG is not recommended in most nonimmunized exposed pregnant 
women, since the clinical syndrome may be masked and congenital rubella 
not reliably prevented. However, for those exposed pregnant women who 
for religious or other grounds will not consider therapeutic abortion, a large 
dose of HISG may be of some value. After possible exposure, an antibody 
test should be performed immediately. Several assays (latex or enzyme- 
linked immunosorbent assay [ELISA]) are available for rapid determina- 
tion of rubella antibody. If antibody is present, the woman is not suscepti- 
ble and she can be reassured. If antibody is absent or there will be a 
significant delay in obtaining the result, the woman is considered suscepti- 
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ble. Then standard HISG can be given in a total dose of 0.55 ml/kg. The 
antibody test is repeated after 1 month. A negative test indicates that ru- 
bella was prevented or exposure did not occur. A positive result (when the 
preinjection antibody test was negative) indicates that infection has oc- 
curred despite HISG. She can be counseled again regarding her risks of 
an infected fetus. 


HISG in Varicella 


Following the success of HISG in the prevention of measles and hepatitis, 
HISG was_ evaluated for the prevention of varicella. Although 
Funkhouser’® in 1948 showed some beneficial effects of standard HISG in 
prevention of varicella in an uncontrolled study, Greenberg®? and Schaef- 
fer and Toomey’? were unable to prevent chickenpox in exposed children 
using doses of 2.5 to 20.0 ml. 

Others have presented anecdotal evidence for the efficacy of HISG in 
large doses during the early stages of chickenpox and herpes zoster. These 
claims include prompt relief of pain in zoster®? and rapid resolution of skin 
lesions.” ““ However, even high-titered zoster immune globulin does not 
prevent dissemination of herpes zoster.®° 

Ross®** in 1962 gave 242 children HISG in doses of 0.1 to 0.6 ml/lb 
within 3 days of exposure to chickenpox; 209 similarly exposed, unin- 
jected children were used as controls. The attack rate was the same (97%) 
in both groups, indicating that HISG does not prevent varicella under 
these conditions. However, with doses of HISG above 0.2 ml/kg, the se- 
verity of the disease was reduced, as indicated by a decreased number of 
pox and lessened temperature. Children receiving the largest dose of 
HISG (0.6 ml/lb) had a mean maximal temperature of 38.9°C (102°F), 
compared with 41.1°C (106°F) for the controls and 40 pox versus 207 for 
the controls. Others have also reported similar but uncontrolled observa- 
tions that HISG modifies the severity of chickenpox.®” © 

Brunell and Gershon®’ subsequently showed that high-titered HISG 
from convalescing zoster patients could completely protect exposed normal 
children while standard HISG did not prevent the disease. Subsequent 
studies” have shown that high-titered immune globulin or plasma can 
modify or prevent chickenpox in high-risk children (e.g., leukemics). Stan- 
dard HISG is not used in high-risk subjects. 


Recommendations 


For normal subjects exposed to varicella, standard HISG can be expected 
to modify the disease and varicella zoster (high-titered) immune globulin 
(VZIG) to prevent it. 

Normal Children.—Since varicella is a mild disease in most children, 
prophylaxis is rarely indicated. The likelihood of prior chickenpox in the 
exposed individual, as discussed in the VZIG section, and the high cost of 
VZIG should also be considered. However, special circumstances (e.g., fu- 
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ture travel, scheduled surgery, risk of exposure of an immunocomprom- 
ised sibling) may be indications for prophylaxis with HISG or VZIG. 

Modification with HISG is achieved utilizing doses of 0.6 to 1.2 ml/kg. If 
prevention is sought, VZIG must be used. IGIV can also be used to pre- 
vent varicella (see VZIG section). 

Adults.—Adults are more likely to develop severe varicella than are 
normal children (see VZIG section). Thus, the need to avoid or modify 
varicella is more compelling. Modification with HISG can be achieved by 
using a dose of 0.6 to 1.2 ml/kg with a maximum of 40 ml. 


HISG in Miscellaneous Disorders 
Asthma and Allergies 


Several studies, reviewed by Thomas and McGovern,®? have suggested a 
beneficial effect of HISG in asthma and other allergic conditions. Even 0.1- 
ml intradermal doses have been recommended”; however, two double- 
blind studies could not find significant benefit from such therapy.?» 72 
Thus, HISG should not be used in these disorders. 


Acute Infections 


Monthly HISG (0.15 to 0.4 ml/b) was not beneficial in the prevention of 
upper respiratory infection, otitis, skin infection, gastrointestinal upset, or 
fever in children.?? Finkel and Haworth™ found that 0.4 ml/kg of HISG 
given to children younger than 2 years with acute respiratory infection was 
of no clinical benefit. 


Premature Infants 


Premature infants have significantly lower levels of IgG at birth, have a 
more severe and prolonged period of physiologic hypogammaglobuline- 
mia, and are more susceptible to infectious disease and sudden infant 
death syndrome. Further, they have a transient opsonic deficiency, partly 
correctable with HISG.”© Thus, the use of HISG or IGIV in the prophylaxis 
of infection in these infants has theoretic justification. 

Amer and colleagues”’ gave HISG monthly (1.5 ml/kg) for 8 months to 
92 premature infants and gave albumin to 69 control premature infants. 
There were six infectious deaths in the albumin-treated group and one 
infectious death in the HISG-treated group. HISG did not affect the inci- 
dence of severe infections but did decrease the overall frequency of infec- 
tions (43.5% vs. 85.3%) and the length of hospital stay (7.8 days vs. 12.4 
days). There was a slight decrease of mean y-globulin levels in the treated 
infants (620 mg/dl vs. 720 mg/dl), either as a result of increased infection 
in the control group or suppression of IgG synthesis by the passive HISG 
in the treated group. 

These results, as well as other studies that show no beneficial effect of 
HISG in premature infants,” 7? indicate that HISG is of unproven value 
and is not indicated in the routine management of low-birth-weight infants. 
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Kefalides et al.1°° were able to reduce the mortality rate of severely burned 
children (10% to 30% of surface area) by administering plasma (1 ml/kg 
body weight for each 1% of surface area burned) or HISG (1 ml/kg on 
days 1, 3, and 5) from 40% to 20%. They concluded that substances that 
contain antibodies (plasma or HISG) were more effective in reducing in- 
fection complications than were other colloids. However, Stone et al,!0 
could not achieve any clinical benefit from HISG therapy (0.4 ml/kg every 
third day until skin coverage) in 60 burned subjects compared with 40 
controls. 

Convalescent plasma, special HISG with high antibody titer to Pseudo- 
monas, and Pseudomonas vaccines have also been used in burn patients 
in attempts to reduce infections but without proof of efficacy.!©” 1°3 IGIV 
has also been used. 


Malaria 


Cohen et al.1°* showed that hyperimmune HISG from convalescing adults 
given to young children 4 months to 2.5 years of age in doses of 1.2 to 
2.5 gm significantly reduced their blood trophozoite count, compared with 
untreated patients or patients treated with HISG from normal adults. These 
children remained protected for a period of 3 months, at which time they 
were susceptible to reinfection. These studies suggest that humoral anti- 
body exerts a beneficial effect in malaria and that a vaccine against malaria 
may be efficacious. 


Severe Bacterial Infections 


Animal studies suggest that HISG has some value in the treatment of 
staphylococcal and Pseudomonas infections; further, when used with an- 
tibiotics such as chloramphenicol and penicillin, the combination is more 
effective than antibiotics or HISG alone.’ These studies may not be anal- 
ogous to the clinical situation since the HISG is usually given before, con- 
comitantly, or shortly after onset of experimental infection. Numerous case 
studies suggest that in certain refractory infections, the addition of HISG to 
the antibiotic regimen has provided some therapeutic benefit. In some, 
there is dramatic improvement following the addition of HISG to a long, 
unsuccessful course of antibiotic therapy.'°” Waisbren!°8 found therapeutic 
benefit of HISG in 6 of 46 patients with refractory infections, most due to 
Staphylococcus. These patients, none of which had hypogammaglobuli- 
nemia, were given HISG in doses of 0.7 to 1.0 ml/kg. 

Bodey et al.?°? could not demonstrate a therapeutic benefit of HISG in 
the treatment of infection in acute leukemia. All patients received antibiot- 
ics. Many of the fevers were unexplained and may have been due to the 
underlying disease. With the availability of IGIV, this problem is being re- 
studied using higher doses of ‘y-globulin. 

Ziegler and associates!!° used a human antiserum to Escherichia coli 
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endotoxin in the treatment of gram-negative bacteremia. The death rate in 
untreated bacteremic patients was 39% (42 of 109) compared with 22% 
(23 of 103) in recipients of antiserum. In those with profound shock, mor- 
tality was 77% (30 of 39) in controls and 44% (18 of 41) in recipients of 
antiserum, a significant difference. Both control and antiserum groups re- 
ceived similar antibiotics and had similar microbiologic causes for their in- 
fections. This suggests that a specifically titered human IgG to endotoxin 
would be of therapeutic value. 


a 
Use of Special Human Immune Serum Globulins 


Preparation of the special human immune serum globulins (see Table 3) 
is identical to that of HISG except that the donor pool includes subjects 
immunized to or convalescing from a specific illness who have a high titer 
of antibody to the microbial agent. Thus, the pharmacologic properties of 
standard HISG and special HISGs are identical. The only difference is that 
the antibody titer of the special HISG to the specific virus, bacterium, or 
toxin is assayed to assure a potent preparation. 


Hepatitis B Immune Globulin 


HBIG has been licensed since 1978 for the prevention of hepatitis B.! It 
is derived from donor lots of HISG that have titers of anti-HBs of at least 
1: 100,000 by RIA. 

Krugman et al.'!” in 1971 first evaluated high-titered HBIG in institu- 
tionalized children injected with the infective serum MS-2. All 11 children 
exposed to MS-2 serum developed hepatitis; two became icteric and five 
remained HBsAg carriers after 320 days. Among five children given MS-2 
serum and standard HISG, three developed hepatitis; two were icteric, but 
none became a carrier. Among ten children exposed to MS-2 serum and 
HBIG, six were completely protected, one had a transient infection, and 
four developed classic hepatitis. They concluded that HBIG was 70% ef- 
fective under these circumstances. Their later studies confirmed that HBIG 
could significantly reduce the incidence, severity, and carrier rate of HBsAg 
following parenteral exposure to HB virus.*° 

Szmuness et al.'!* tested the efficacy of HBIG compared with standard 
HISG by giving either HISG or HBIG to retarded institutionalized children 
at admission and at 4-month intervals for 1.5 to 2.0 years and comparing 
the incidence of hepatitis to that of untreated subjects. Both globulin- 
treated groups had a lower attack rate (11% vs. 25%) and lower incidence 
of chronic antigenemia (0% vs. 13.5%). Thus, both HISG and HBIG may 
be effective in preventing or modifying nonparenterally transmitted hepa- 
titis B in an endemic setting. Of note is that 55% of the patients treated 
with standard HISG developed anti-Hbs, whereas only 23% of the patients 
treated with HBIG developed antibody, suggesting that passive-active im- 


/ 
Human Gamma Globulins as Therapeutic Agents / 23 


sea occurred more frequently in the group that received standard 

Seeff et al.'* gave either HBIG or standard HISG to 302 individuals 
accidentally exposed to material infectious for hepatitis B. The incidence 
of clinical or subclinical hepatitis during the first 6 months was 0.7% in the 
HBIG-treated group and 6.1% in the HISG-treated group. At 6 months, 
32% of the HISG recipients and 6% of the HBIG recipients had antibody, 
indicating minimal passive-active immunity in the HBIG-treated group; 
Grady et al.’ reported similar results with HBIG after accidental expo- 
sure. The incidence of hepatitis at 6 months was 7% (of 251 patients) with 
standard HISG, 5% (of 208 patients) with intermediate-titer HBIG, and 
2% (of 253 patients) with high-titer HBIG. This protection waned after 6 
months, and differences in the groups became less apparent after 9 
months, possibly due to re-exposure, delayed onset of infection, or failure 
of passive-active immunity. 

Two studies in renal dialysis units also support the effectiveness of 
HBIG. Desmyter et al.1?® found that HBsAg antigenemia occurred at 16 
months in ten of 14 dialyzed patients given standard HISG every 6 
months, but in only two of 15 dialyzed patients given HBIG on a similar 
schedule. Prince et al.‘!” gave standard HISG or HBIG to 318 new dialysis 
patients and 296 staff members every 4 months; they reduced the inci- 
dence of hepatitis B from 23.1% in the HISG patients to 7.9% in the 
HBIG patients. There was only a slight decrease in incidence of hepatitis 
in the HBIG-treated staff members (11.1% vs. 6.9%). 

Redeker et al.*’® found that HBIG was effective in preventing hepatitis 
B after 150 days’ exposure in spouses of patients with hepatitis B. Nine of 
33 spouses treated with standard HISG developed hepatitis, whereas only 
one of 25 spouses receiving HBIG developed hepatitis B. 


Prevention of Vertical Transmission From Mothers to 
Infants 


Beasley et al.’’? 1° studied the efficacy of HBIG in preventing perinatal 
transmission of the hepatitis B virus carrier state from a mother to her 
newborn infant. HBIG or placebo was given at birth to infants of the hep- 
atitis B e antigen (HBeAg)-positive, HBsAg carrier mothers, and the infants 
were followed for at least 15 months. Among 61 placebo recipients, 92% 
became carriers; among 67 infants who received 0.5 ml of HBIG at birth 
or in addition at 3 and 6 months, 26% became carriers. Passive-active 
immunization, indicated by the presence of anti-HBs, occurred in 27% of 
the single-dose group. 

Based on this and other studies!*! }*? that suggested that multiple HBIG 
doses were more effective in interrupting vertical transmission of the 
HBsAg carrier state than a single HBIG dose, advisory committees in 1981 
recommended that all infants of HBsAg-positive mothers be given HBIG 
(0.5 ml) immediately after birth and again at 3 and 6 months. However, a 
number of these infants became infected some time after their last HBIG 
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dose (i.e., in the second or third year of life), indicating a need for more 
durable active immunity. 

Wong and associates’? studied the efficacy of hepatitis B vaccine (HBV) 
given in conjunction with HBIG in the prevention of vertical transmission 
of the carrier state from mother to infant. They gave HBV (36 infants), 
HBV plus one dose of HBIG (35 infants), HBV plus seven monthly HBIG 
doses (35 infants) or placebo (35 infants) to infants of HBsAg-positive 
mothers. In all vaccine groups, development of the persistent carrier state 
was significantly reduced compared with the placebo group (21%, 2.9%, 
and 6.8%, respectively, vs. 73.2% in the placebo group). All infants of the 
treatment groups developed anti-HBs indicating that HBIG did not inter- 
fere with active immunization. 

This and other studies!?*-!”° indicate that HBIG given at the time of 
birth followed by HBV provides optimal passive-active immunity for long- 
lasting prevention of the carrier state, and this is the current recommen- 
dation. Studies in adults also confirm that HBIG given before or simulta- 
neously with the first dose of HBV does not interfere with the antibody 
response to HBV.?2” 128 

HBIG is not of value in the treatment of either acute 
hepatitis B infection. 
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or chronic! 


Recommendations 


HBIG is recommended following parenteral or mucous membrane (oral, 
sexual, ophthalmic) contact with individuals with hepatitis B infection or 
with HBsAg-positive materials (e.g., blood, plasma) and for neonates born 
to HBsAg-positive mothers (Table 6). 

Exposure to Blood Products Containing HBsAg.—There are no 
prospective studies testing the efficacy of a combination of HBIG and HBV 
in preventing hepatitis B after accidental exposure. This includes exposure 
by the percutaneous, ocular, and mucous membrane routes as well as by 
human bites that penetrate the skin. Since health care workers at risk from 
such accidents are HBV candidates and since combination HBIG and HBV 
is more effective than HBIG alone in perinatal exposure, this combination 
is also recommended following accidental exposure. 

If the blood or secretions come from an individual known to be HBsAg 
positive or if the status of the exposure donor is unknown, immediate pro- 
phylaxis is indicated. A single dose of HBIG (0.06 ml/kg or 5 ml for adults) 
should be given as soon as possible, preferably within 24 hours of expo- 
sure. HBV (1 ml) should be given simultaneously at a different site and 
repeated after 1 and 6 months. 

After massive exposure (i.e., via a blood transfusion), much larger doses 
of HBIG are probably indicated. If HBIG is unavailable, HISG may be 
given at an equivalent or double dose (at least 0.12 ml/kg or 10 ml for 
adults). 

If an individual has received at least two doses of HBV before accidental 
exposure, HBIG is unnecessary if serologic tests show adequate anti-HBs 
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titers (greater than 10 units by RIA). If HBV is not given, two doses of 
HBIG should be used, the second given 1 month after the first. 

Perinatal Exposure.—If the mother is HBsAg and HBeAg positive, 
85% of her offspring will become infected and will become chronic car- 
riers, some of whom will develop chronic hepatitis, cirrhosis, or hepatic 
cancer. If the mother is HBsAg positive only, the risk of her offspring be- 
coming carriers is less, but still significant. Accordingly, these infants are 
also candidates for prophylaxis. 

For optimal passive-active immunity, HBIG (0.5 ml) is given to the new- 
born at birth (preferably in the delivery room but within 12 hours of birth 
at the latest). HBV (0.5 ml) is begun simultaneously and repeated at 1 and 
6 months (see Table 6). This combination is only about 90% effective in 
preventing the carrier state, since intrauterine infection will not be pre- 
vented. 

HBIG effectiveness is markedly diminished if administration is delayed 
beyond 48 hours. Nevertheless, if the mother is found to be HBsAg posi- 
tive at birth, HBIG and HBV should be given to her infant even if there 
has been a significant delay. The infant should be tested for HBsAg and 
anti-HBs at 12 to 15 months to determine the success of the HBIG and 
HBV regimen. If HBsAg is present, the infant probably is a carrier; if 
HBsAg is absent and anti-HBs is present, the child has been successfully 
immunized. HBIG administration at birth should not interfere with polio or 
diphtheria-pertussis-tetanus (DPT) vaccines given at 2 months of age. 

Sexual Exposure.—Sexual exposure to an individual who has, who 
develops, or who is a carrier of hepatitis B is an indication for HBIG (0.06 
ml/kg, 5 ml maximum). This should be effective for about 14 days after 
the exposure. If the contact’s HBsAg status is not known, it should be 
determined; if he or she is HBsAg positive, HBIG should be given. If sex- 
ual contact continues and if the contact remains HBsAg positive for more 
than 3 months, a second HBIG dose is recommended. 

HBIG should also be given if sexual contact with HBsAg-positive indi- 
vidual is anticipated. Contacts who remain HBsAg positive are probably 
carriers, and HBV should be given to their regular sexual partners. 

For sexual exposures among homosexual men, HBIG is given and HBV 
should be given simultaneously; indeed, HBV is recommended for all sus- 
ceptible sexually active homosexual men. Additional doses of HBIG are 
unnecessary if HBV is given. 

Possible Exposures.—Following possible exposures (percutaneous, 
ingestion, sexual) to an unidentified person or body fluid in which the 
HBsAg status is unknown, a decision to treat with HBIG (or HSIG) must 
be made individually, based on the likelihood that the source is HBsAg 
positive and the seriousness of the exposure. 

Ideally the source should be tested for HBsAg positivity; if the results 
are available within 7 days, HISG (0.06 ml/kg) can be given immediately, 
followed by HBIG at 7 days (0.06 ml/kg, 5 ml maximum) and again at 1 
month if the source is HBsAg positive. When the source cannot be tested 
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or when the source is likely to be HBsAg positive, HBIG is given immedi- 
ately and again at 1 month. 

If the exposed individual is a high-risk patient (e.g., immunodeficient, 
immunosuppressed, institutionalized Down’s syndrome, Asian, or under- 
going hemodialysis) or is in a unit for which past environmental control 
measures have been unsuccessful (e.g., a mental institution, hemodialysis 
unit) or is a member of the staff of such units with considerable patient 
contact, he or she is also a candidate for prophylaxis. 

HBIG or HISG is not indicated on a routine basis following blood trans- 


fusions. A school or hospital exposure is not an indication for HBIG or 
HISG. 


Pertussis Immune Globulin 


In 1917 Bleyer’*’ used convalescent blood in the treatment of whooping 
cough but could demonstrate no therapeutic benefit. Debre* in 1923 suc- 
cessfully used convalescent serum during the incubation period to prevent 
or modify the disease. French workers subsequently conducted studies that 
suggested that convalescent blood or serum given early in the incubation 
period results in complete protection, given late in the incubation period 
results in modification, and given during the coughing stage is ineffec- 
tive.15? Jundell!*? in 1934 first reported on the beneficial use of immune 
serum from vaccinated adults in the treatment of pertussis in young infants. 
In 1940, McGuiness et al.'%* used lyophilized hyperimmune whooping 
cough serum (from repeatedly vaccinated donors). The disease was pre- 
vented in 65 and markedly attenuated in 11 of 83 children exposed to 
pertussis; it also had some beneficial effect when given to children with 
early pertussis. 

Felton!*° reviewed the overall experience with hyperimmune serum. 
These uncontrolled studies suggested that hyperimmune serum given in 
large doses early in the incubation period was moderately effective (75%) 
in preventing pertussis and given early during the disease was of some 
benefit in modifying pertussis. The patients benefiting most were infants 
under 1 year of age; large intravenous doses were necessary for these 
critically ill infants. 

Kohn and associates!*° in 1947 reported on the use of hyperimmune 
rabbit serum in the early treatment of pertussis but felt that hyperimmune 
human serum was more efficacious. Lucchesi and LaBoccetta’*’ con- 
ducted a controlled study of 52 antibiotic-treated infants under 1 year of 
age and noted that hyperimmune human serum given during the first 
week reduced slightly the frequency of paroxysms. Ames et al.‘¥8 in 1953 
compared the efficacy of streptomycin, chloramphenicol, rabbit antiserum, 
and human antiserum, in addition to penicillin, in the treatment of pertus- 
sis. They found that most cases of pertussis are mild if secondary bacterial 
infections are treated promptly with penicillin and that all four therapeutic 
regimens were equally efficacious in modifying the course of the disease. 
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Rabbit antiserum was the most effective in eliminating the pertussis organ- 
ism. Thus, with the advent of antibiotic therapy, the need for passive im- 
munization was considerably lessened. 

Morris and McDonald’*? in 1967 could find no protective effect of hu- 
man hyperimmune pertussis immune globulin in the prevention of pertus- 
sis in family contacts. Bass and associates’“° could not demonstrate any 
additional therapeutic effect of pertussis immune globulin given to 17 an- 
tibiotic-treated children compared with 23 children given antibiotics alone. 
In a double-blind study of 127 children with pertussis, Eichlseder'*! could 
not show that pertussis immune globulin, chloramphenicol, or the combi- 
nation affected the frequency of coughing, the duration of the paroxysmal 
phase, or the pulmonary complications. Balagtas et al.!4? in 1971 con- 
ducted a double-blind study of the efficacy of 2.5 ml of pertussis immune 
globulin in 40 patients and 36 controls. All patients received ampicillin. No 
differences were observed in the rate of recovery; the frequency of parox- 
ysms, coughing, or whooping; number of episodes of vomiting; the need 
for suctioning; or frequency of pulmonary complications. 

In sum, passive immunization was of clinical benefit in the prevention 
and early treatment of pertussis prior to the availability of effective anti- 
biotics. When used in conjunction with optimal antibiotic therapy, pertussis 
immune globulin provides little if any additional therapeutic benefit. 


Recommendations 


There are no absolute indications for the use of pertussis immune globulin, 
providing antibiotics are available. In young, very ill infants in whom anti- 
biotics are not controlling the disease, pertussis immune globulin could be 
given in an attempt to augment the body’s natural defenses. The dose is 
1.25 to 2.5 ml intramuscularly daily for 3 days. 


a 


Rabies Immune Globulin 


Rabies is the ideal disease for passive immunization since the exact mo- 
ment, the exact source, and the exact location of exposure are known. 
Further, the long incubation period and that the virus remains localized to 
the wound for several days enhance the effectiveness of passive immuni- 
zation. 

Rabies serum was first prepared in 1889 by Babes and Lepp.” However, 
variable experimental results, difficulty in interpreting field results, and the 
development of rabies vaccine led to a loss of interest in passive immunity. 
Habel’ in 1945 conducted a series of studies of experimental rabies in 
mice, guinea pigs, and monkeys using rabbit hyperimmune serum. He 
showed that antibody worked by two mechanisms: (1) it neutralizes the 
virus while still in the tissues and (2) it retards the spread of virus to the 
central nervous system, thus prolonging the incubation period and permit- 
ting active immunity by vaccine. Serum prophylaxis alone gave consis- 
tently better results than vaccine alone, was effective when given up to 3 
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days after infection, and was more effective when given locally at the site 
of virus inoculation. 

On the basis of these studies, a World Health Organization Expert Com- 
mittee in 1950 recommended that a field trial of the efficacy of hy erim- 
mune rabies serum, in conjunction with vaccine, be conducted.*** This 
was undertaken in Iran since multiple bites by a single rabid wolf coming 
into isolated villages were common and this severe exposure had an as- 
sociated 40% to 50% mortality. In 1954, a single rabid wolf bit 27 individ- 
uals, 17 of whom were bitten on the head. These 17 were divided into 
three groups: five received vaccine alone, seven received vaccine and one 
dose of antirabies serum, and five received vaccine and two doses of an- 
tirabies serum.’* Three of five persons treated with vaccine alone died of 
rabies, one of seven in the one-dose antiserum group died, and none of 
five in the two-dose antiserum group died. Antibody studies conducted on 
these patients indicated that a single or a double dose of antiserum, fol- 
lowed by 14 to 21 daily doses of vaccine, results in significant levels of 
circulating antibody for as long as 50 days.**© The antibody found early is 
supplied passively; after the tenth day, the antibody present is a result of 
the vaccine. Thus, optimal treatment requires both passive and active im- 
munization. 

Prior to 1971, the available antiserum was of equine origin. Since then, 
human rabies immune serum also has been available and is preferred be- 
cause of the lessened risk of serum reactions.*” Further, the human anti- 
body has a half-life in the circulation twice that of equine antibody, with 
the result that higher levels of passive antibody are maintained. However, 
the antibody response to the vaccine given concomitantly is more effec- 
tively suppressed.'*® Accordingly, smaller quantities of human rabies im- 
mune globulin (RIG) must be given to achieve passive-active immunity (20 
IU/kg); when larger doses (40 IU/kg) are given, significant depression of 
active immunity may result. 

Since 1980 the vaccine of choice is human diploid cell rabies vaccine; 
duck embryo vaccine is no longer available in the United States. The 
improved vaccine does not lessen the need for simultaneous passive 
immunity at the time of exposure; indeed cases? of fatal rabies have 
been reported following rabies exposure in which diploid cell vaccine but 
no RIG was given. A single case has been reported of fatal rabies encepha- 
litis following an animal bite despite prompt use of diploid vaccine and 
RIG. 


Recommendations 


RIG or rabies antiserum is recommended for all bites by animals in which 
rabies cannot be ruled out and for nonbite exposure to animals proved or 
suspected of being rabid.!52 Such treatment should be given as early as 
possible after exposure but should be used regardless of the interval be- 
tween exposure and treatment. Half of the RIG (or equine rabies antise- 
rum) should be injected locally at the wound site and the rest given intra- 
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muscularly. Vaccines should then be given at a different site with a 
different needle and syringe. 

When both preparations are available, human RIG is preferred because 
of the decreased risk of serum reactions. If RIG is unavailable, equine ra- 
bies antiserum should be used. If an individual is known to be allergic to 
horse serum, RIG must be used or a schedule of desensitization employed. 

The recommended dose is 20 IU/kg of RIG or 40 IU/kg of equine rabies 
antiserum. RIG (or antiserum) is given as soon after exposure as possible. 
If RIG inadvertently was not given at the time of exposure, it should be 
given immediately regardless of the time elapsed. If vaccine has been 
started, RIG should still be given for up to 8 days after the first dose of 
vaccine. 

RIG is supplied in 2-ml and 10-ml vials containing 150 IU/ml. Equine 
rabies antiserum is supplied in 5-ml vials containing 200 IU/ml. Since RIG 
and rabies antiserum may inhibit the immune response to simultaneously 
administered rabies vaccine, it is necessary to give five doses of vaccine 
rather than the three recommended for preexposure primary immunization 
given alone. Following exposure to possible rabies, rabies vaccine is rec- 
ommended at 0, 3, 7, 14, and 28 days when RIG is given at day 0. 
Antibody testing should be done 2 to 3 weeks after the last injection to 
assure an adequate antibody response. 

RIG is not used simultaneously when rabies vaccine is given prophylac- 
tically to unexposed high-risk individuals. 

RIG and rabies antiserum are of no value in the treatment of established 
rabies infection. 


Tetanus Immune Globulin 


Antitoxin in the treatment of tetanus was introduced in medicine by Behr- 
ing and Kitasato’? in 1980; large doses (50 to 100 ml) of serum from 
horses immunized with tetanus toxin were used. The dose was gradually 
increased to 300 to 500 IU of antitoxin. As means to increase the produc- 
tion and concentration of antitoxin developed and a high mortality rate 
persisted, the dosage of antitoxin was increased until doses as high as 
200,000 IU, repeated at weekly intervals, were recommended.}*3 Despite 
such heroic therapy, there was no solid proof of efficacy. 

In 1960, Brown and colleagues,'** using sequential analysis, found the 
mortality rate was 49% among 41 tetanus patients receiving 200,000 IU 
of antitoxin and 76% in 38 patients not receiving antitoxin, a statistically 
significant difference. In controlled studies, there was no improvement in 
mortality rates when 5,000 to 500,000 IU were used. 153: 155-159 Adequate 
blood levels of antitoxin were noted in all cases with a dose of 10,000 
units. Considerable differences were noted in mortality rates, ranging from 
0% to 98%; this primarily depends on the severity rather than the dose of 
antitoxin. 

Athavale et al.’ established that antitoxin was of benefit in tetanus 
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neonatorum and in tetanus in children up to age 12 in mild and moderate 
cases but not in severe cases. A dose of 10,000 IU was as effective as 
30,000 IU. 

Antitoxin neutralizes toxin prior to its arrival in the nervous system via 
the circulation or locally and prevents its systemic absorption. Thus, anti- 
toxin should be given at the site of toxin production (e.g., at the site of a 
wound) and intravenously (in severe cases) or intramuscularly, the latter 
being reserved for less severe cases. 

It was estimated that 750,000 annual doses of tetanus antitoxin (TAT) 
were needed in the United Kingdom, or 2 million doses in the United 
States.1®! Serum sickness occurs in 6% to 14% and fatal anaphylaxis, in 
one of every 100,000 injections. Thus, hyperimmune human tetanus im- 
mune globulin (TIG), first available in the early 1960s, has gradually re- 
placed equine TAT. 

Rubbo and Suri!® and Rubinstein!®! showed that human TIG given 
intramuscularly (5 to 10 units/kg) provides adequate circulating antitoxin 
levels and is maintained in the circulation for a considerably longer time 
than is equine TAT. 

The efficacy of human TIG is equivalent to that of equine TAT. Mc- 
Cracken et al.'® compared the results of 500 units of TIG with 10,000 
units of TAT in the treatment of tetanus neonatorum. Among the 65 in- 
fants in each treatment group, there was no difference in severity, length 
of hospital stay, need for sedation or gavage feeding, or mortality (43% 
and 42%, respectively). Blake et al.'* analyzed 545 tetanus cases re- 
ported to the Center for Disease Control from 1965 to 1971 and could 
find no difference in outcome between those patients treated with equine 
TAT or TIG. 

Gupta et al.‘ gave TIG intrathecally to alternate patients with early 
tetanus. Among 49 patients given intrathecal TIG (250 IU), three got 
worse and one died; among 48 patients given intramuscular TIG (1000 
IU), 15 got worse and ten died. There were no side effects. 

TIG can be given along with tetanus toxoid (10 Lf units) for passive- 
active immunization. A dose of 250 IU of TIG given intramuscularly at a 
site different from that of the toxoid does not interfere with the active an- 
tibody response.‘ 


Recommendations 


Prophylaxis.—If a nonimmunized individual sustains a serious injury 
or a bite, 250 to 500 IU of TIG should be given intramuscularly. The larger 
dose should be used if there is an extensive wound or delay in treatment. 
Alum-precipitated toxoid to initiate active immunity is given at a different 
site, using a separate syringe. If TIG is unavailable, 3,000 to 5,000 units 
of TAT (bovine or equine) are given (after screening and testing the patient 
for serum sensitivity). 

Treatment.—In addition to antibiotics and wound management, TIG 
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in doses of 500 to 3,000 IU should be given, part infiltrated near the 
wound and the rest given intramuscularly. 

If TIG is unavailable, equine TAT should be given in a single dose of 
50,000 to 100,000 units, with 20,000 units given intravenously (after ap- 
propriate testing for sensitivity). In severe cases, up to 50,000 units of TAT 
should be given intravenously. Intrathecal TIG or TAT is usually unneces- 
sary. Upon recovery, primary immunization should be undertaken. In tet- 
anus neonatorum, McCracken et al./® found that 500 IU of TIG intra- 
muscularly or 10,000 units of equine antitoxin were equally efficacious. 

Vaccinia Immune Globulin.—Although smallpox has been eradi- 
cated from the globe since 1979, the virus exists in a few research labo- 
ratories throughout the world, and vaccination is still being used on a lim- 
ited basis (including the US military). Passive immunization is occasionally 
necessary following laboratory accidents, after inadvertent vaccination of 
high-risk individuals, or after exposure of high-risk individuals to recent 
vaccinates. 

Passive immunization against vaccinia was known as early as 1895, 
when Hlava and Honl?°” showed that school children could be protected 
from vaccinia by the injection of 3 to 10 ml of immune calf serum. Protec- 
tive antibodies following vaccination and passive transmission of these an- 
tibodies from mothers to infants were demonstrated.'© Thereafter, the ef- 
fective prevention of smallpox by well-organized mass vaccine compaigns 
diminished interest in passive immunization. 

Janeway, quoted by Enders,!©? in 1944 found neutralizing vaccinia an- 
tibody in HISG, and Verlinde and Spaander!”° in 1966 found high titers 
of such antibodies in convalescent immune globulin from recently vacci- 
nated individuals. Gispen et al.’’? in 1956 developed a human vaccinia 
immune globulin (VIG) that was shown not to interfere with active immu- 
nity, and they proposed its use with vaccine as prophylaxis against vaccinia 
encephalitis. , 

The value of VIG in smallpox or disseminated vaccinia is based on the 
presence of viremia, which leads to secondary dissemination; administra- 
tion of neutralizing antibody will prevent or limit the spread of infection 
and thus modify the clinical expression of the disease. 

Studies on the efficacy of VIG in smallpox and vaccinia complications 
was initiated by Kempe and colleagues in 1955.172-!5 VIG prepared from 
recently vaccinated donors had a neutralizing titer of 1:256 to 1:512, con- 
siderably higher than the titer (1:16 to 1:32) present in standard HISG. 
The households of new admissions to the Madras (India) Smallpox Hos- 
pital were visited, and alternate family contacts received VIG (1.0 gm in 
adults, 0.5 gm in children).!”4 After 25 days, eight cases of smallpox de- 
veloped in 75 contacts not given VIG and two cases in 56 contacts given 
VIG. A more extensive study disclosed 21 cases of smallpox (four severe) 
among 379 contacts serving as controls and five cases of smallpox (none 
severe) among 326 contacts given VIG.1”% 

Kempe’”® also reported the results of 300 cases of smallpox vaccination 
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(vaccinia) complications treated with VIG; these included 62 cases of gen- 
eralized vaccinia, 132 cases of eczema vaccinatum, 23 cases of vaccinia 
necrosum, 12 cases of vaccinia encephalitis, and 28 cases of autoinocula- 
tion. In addition, VIG was given prophylactically to 44 eczematoid children 
requiring smallpox vaccine (0.6 to 1.2 ml/kg). VIG did not affect the course 
of vaccinia encephalitis. Twenty-seven of 28 patients with autoinoculation 
who received VIG did well. There were nine deaths among 132 patients 
with eczema vaccinatum given VIG; this 7% mortality compares favorably 
with the usual mortality of 30% to 40% with supportive care only. All 62 
patients with generalized vaccinia given VIG did well, although four children 
required a second course. Among 23 patients with vaccinia necrosum who 
received VIG, there were seven deaths (30%); however, this is a generally 
fatal disease and immune defects were present in most of these patients. ! 
These results strongly supported the efficacy of VIG and were subsequently 
confirmed by studies in Sweden’’° and the United Kingdom. !7” 

Nanning?’8 studied the effect of VIG on postvaccinia encephalitis. He 
gave a placebo or 2 ml of VIG to Dutch military recruits at the time of 
primary vaccination; there were three cases of encephalitis among 43,630 
vaccinated recruits given VIG, compared with 13 cases among 53,044 re- 
cruits in the control group. 


Recommendations 


Nonimmunized patients exposed to smallpox virus should be given VIG 
intramuscularly at a dose of 0.3 ml/kg 12 to 24 hours after smallpox vac- 
cine.‘”? VIG is no longer manufactured in the United States but is available 
from the US Centers for Disease Control in Atlanta. 

Eczematous children who must be vaccinated should be given VIG (0.3 
ml/kg) intramuscularly simultaneously at another site. Eczematous children 
or other individuals with extensive dermatitis inadvertently exposed to a 
recently vaccinated individual should also receive VIG (0.3 ml/kg). 

Accidental vaccination or autoinoculation of the eye, eczema vaccina- 
tum, severe generalized vaccinatum, severe generalized vaccinia, and vac- 
cinia necrosum are all indications for VIG. The initial dose is 0.6 ml/kg, but 
repeat doses may be necessary. If VIG is not available, standard HISG can 
be used in larger doses. The material has about one fourth the potency of 
VIG. 

VIG is not indicated for established smallpox infections, postvaccinia en- 
cephalitis, or hypersensitivity and toxic rashes following vaccination. 


Varicella-Zoster Immune Globulin 


The prophylactic value of large HISG doses in decreasing the severity of 
varicella led to the trial of high-titered plasma or y-globulin preparations in 
the prevention of varicella. These preparations include zoster immune 
globulin (ZIG) and zoster immune plasma (ZIP) from convalescing zoster 
patients and VZIG prepared from high-titered normal adult sera. 
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Brunell et al.’”” in 1969 selected convalescing zoster patients whose 
complement-fixing antibody titers were 1:256 or greater and prepared ZIG 
from their plasma; this material had titers considerably higher than did 
standard HISG. Exposed children from six families in which chickenpox 
was occurring were given ZIG or HISG at doses of 2 ml. None of six 
children receiving ZIG whereas all six children given HISG developed 
chickenpox. No antibody developed in the ZIG-treated group, indicating 
that the disease was prevented. 

Since this dose did not prevent varicella in leukemic children or other 
high-risk patients, a larger dose (5 ml) was used in a later study to suc- 
cessfully modify or prevent varicella in eight of nine high-risk children.®° 
Severe varicella developed in one child given a less potent preparation of 
ZIG. Judelsohn et al.'®° gave ZIG to 56 exposed high-risk children; mild 
varicella occurred in seven and was prevented in the others, most of whom 
are susceptible as determined by absence of serum antibody. Gershon et 
al.'®! gave ZIG to 15 seronegative high-risk exposed children; varicella was 
severe in one, mild in nine, and subclinical in five. Subclinical infection 
was determined by the acquisition of membrane antibody, detected by 
fluorescent microscopy. Orenstein et al.'®* studied 553 exposed, high-risk 
patients who received ZIG of two different titers (1:1280 vs. 1:2560 or 
greater). They found that the clinical attack rate after ZIG was correlated 
with the type of exposure (36% with a household exposure, 7.7% with a 
hospital exposure, and 0% with a school exposure developed varicella), 
the rise in antibody titer (45% of patients without a fourfold titer increase 
became ill compared with 22% of patients with a fourfold or greater rise 
in titer), and the titer of the administrated ZIG (there were significantly 
more complications and deaths among recipients of the lower-titer ZIG). 

Because of a limited supply of ZIG and ZIP, VZIG from normal adults 
has become the commercially available product in the United States. Zaia 
and associates!®? compared the efficacy of ZIG and VZIG in immunocom- 
promised children exposed to varicella. The varicella attack rates and clin- 
ical severity of recipients of VZIG and of ZIG did not differ significantly. 
There was a higher incidence of subclinical infection as indicated by a rise 
in antibody titer in the ZIG recipients (31.3%) than in the VZIG recipients 
(16%). A larger dose of VZIG (2.5 ml/10 kg vs. 1.25 ml/kg) reduced the 
frequency of subclinical infection (from 20% to 4.3%). Several high-risk 
patients with demonstrable serum antibody at exposure developed vari- 
cella, indicating that history-negative seropositive patients are at risk for 
clinical varicella-zoster infection and should be given VZIG regardless of 
antibody titer. 

Paryani and associates in 1984!** observed that eight patients given 
IGIV at standard doses (200 to 300 mg/kg) achieved varicella-zoster virus 
antibody titers comparable to those achieved by individuals given intra- 
muscular VZIG at standard doses, despite the lower titer of antibody in the 
IGIV because of the large quantity of antibody administered and the com- 
plete availability of the IGIV. They suggest that IGIV could be used pro- 


/ 


Human Gamma Globulins as Therapeutic Agents / 35 


phylactically instead of intramuscular VZIG. It also is preferable in individ- 
uals with thrombocytopenia, in whom intramuscular injections are 
contraindicated. 

In sum, VZIG (or IGIV) is useful in modifying the severity of varicella- 
zoster infections in immunocompromised hosts but will not reliably prevent 
its occurrence. ZIP'®° used at a dose of 10 ml/kg is equally efficacious in 
preventing infection, but it is not commercially available and risks trans- 
mitting hepatitis and other viral diseases. 


Recommendations 


For normal children exposed to varicella, standard HISG can be expected 
to modify the disease and VZIG to prevent it.1”? However, since varicella 
is a mild disease in most children, prophylaxis is usually not indicated. In 
high-risk immunocompromised children and in normal and _ high-risk 
adults, the decision to administer VZIG or HISG is based on the likelihood 
of susceptibility, the nature of the exposure (Table 7), and the risk of de- 
veloping varicella (Table 8).'®° VZIG is expensive (at least $75 for 125 IU; 
at least $375 for an adult over 40 kg), and the modified infection that 


TABLE 7. 
Exposure Criteria* for Which VZIG is 
Indicated+ 


1. One of the following types of exposure to persons 
with chickenpox or zoster: 

a. Continuous household contact. 

b. Playmate contact (generally >1 hour of play 
indoors). 

c. Hospital contact (in same two- to four-bed room 
or adjacent beds in a large ward or prolonged 
face-to-face contact with an infectious staff 
member or patient). 

d. Newborn contact (newborn of mother who had 
onset of chickenpox 5 days or less before delivery 
or within 48 hours after delivery). 

AND 
2. Time elapsed after exposure is such that VZIG can be 
administered within 96 hours but preferably sooner. 


*From Centers for Disease Control: Varicella-zoster immune 
globulin for the prevention of chickenpox: Recommendations of 
the Immunization Practices Advisory Committee. Ann Intern 
Med 1984; 100:859-865. 

+Patients should meet both criteria. 
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TABLE 8. 
Persons for Whom VZIG Is Indicated* 


Susceptible to varicella-zoster 
Significant exposure 
Less than 15 years of age, with administration to immunocompromised 
adolescents and adults and to other older patients on an individual basis 
One of the following underlying illnesses or conditions: 
Leukemia or lymphoma 
Congenital or acquired immunodeficiency 
Immunosuppressive treatment 
Newborn of mother who had onset of chickenpox within 5 days before delivery 
or within 48 hours after delivery 
Premature infant (=28 weeks gestation) whose mother lacks a prior history of 
chickenpox 
Premature infants (<28 weeks gestation or = 1,000 gm) regardless of maternal 
history 
*From Centers for Disease Control: Varicella-zoster immune globulin for the prevention of 


chickenpox: Recommendations of the Immunization Practices Advisory Committee. Ann In- 
tem Med 1984; 100:859-865. 


ensues may not lead to lifelong immunity and may not decrease the risk 
of developing zoster later in life. 

Determination of Susceptibility.—Determination of susceptibility is 
usually based on historic information elicited by an experienced inter- 
viewer. Varicella-zoster virus antibody tests to determine varicella suscep- 
tibility are not widely available and are often unreliable. Complement fix- 
ation, fluorescent antibody, ELISA, and neutralizing antibody tests are 
used, but they may be negative despite immunity and, when positive, may 
not indicate immunity, particularly in neonates and immunocompromised 
subjects. Table 9 summarizes the determination of susceptibility. 

With the exception of bone marrow transplant recipients, healthy and 
immunocompromised individuals who by history have had prior varicella 
infection are considered immune. Healthy adults and children 15 years of 
age and older with a negative or uncertain history are generally considered 
immune; however, those who are immunocompromised are considered 
susceptible. Approximately 85% to 95% of adults and children 15 years 
of age and older with a negative or uncertain history of prior varicella are 
immune, particularly those who are older siblings in large families and 
those whose children have had varicella. Children who are younger than 
15 years of age and do not have a history of varicella are considered 
susceptible unless proven otherwise using a sensitive serologic assay; how- 
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ever, results of these assays must be interpreted cautiously in immunocom- 
promised children. Children or adults who have received bone marrow 
transplants should be considered susceptible to varicella regardless of prior 
history of the disease in the donor or recipient. Bone marrow transplant 
recipients who develop varicella or herpes zoster following transplantation 
can subsequently be considered immune. 

Normal Children.—As noted, prophylaxis for most normal children is 
not indicated. However, special circumstances (e.g., future travel, surgery, 
risk of exposure of an immunocompromised sibling) may require its use; 
the dose is identical to that for immunocompromised children. 

Immunocompromised Children.—The principal use of VZIG is fol- 
lowing exposure to zoster or chickenpox (see Table 8) of susceptible im- 
munocompromised children. This includes children with primary immu- 
nodeficiency, with neoplastic diseases, and those receiving immuno- 
suppressive therapy including corticosteroids. VZIG may only modify vari- 
cella rather than prevent it. Although children who have neoplastic disease 
and children receiving immunosuppressive therapy and who have a defin- 
itive history of varicella are considered immune, patients with primary an- 
tibody or cellular immunodeficiency or children receiving bone marrow 
transplants should be considered to be susceptible regardless of prior his- 
tory. 

Newborns.—VZIG is recommended for a newborn whose mother de- 
velops varicella within 5 days before or 48 hours after delivery, regardless 
of whether the mother received VZIG. Varicella infection is life threatening 
in newborns, and VZIG may be expected to modify but not prevent the 
disease. VZIG is probably unnecessary for term newborns whose mothers 
develop varicella more than 5 days before delivery, inasmuch as they will 
receive some transplacental immunity and will be protected from severe 
disease. 

Postnatal exposure to varicella infection does not represent a threat to 
normal infants, particularly if the mother has had varicella, since transpla- 
cental antibodies will modify or protect the infant. In all exposed infants 
less than 28 weeks’ gestation or weighing less than 1,000 gm, VZIG is 
recommended because transplacental passage of IgG is significantly less- 
ened and the premature’s cellular immune system is particularly immature. 
In larger exposed prematures, VZIG is recommended for those whose 
mothers have not had varicella. 

Immunocompromised Adults.—Exposed immunocompromised 
adults who are believed susceptible should receive VZIG. Many (most) are 
probably immune, but in this high-risk situation, prophylaxis is justified. 

Normal Adults.—Adults are more susceptible to severe varicella than 
are children; the death rate from varicella in adults is 50 per 100,000 com- 
pared with 2 per 100,000 in children, and the complication rate is in- 
creased 9- to 25-fold. Accordingly, some exposed adults, depending on 
their health and the need to avoid or modify varicella, are candidates for 
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VZIG. Although the cost of VZIG is substantial, under certain circum- 
stances, the benefits clearly outweigh this expense. 

Pregnant Women.—Exposed pregnant women should be considered 
the same as other exposed adults. There is no evidence that VZIG given 
during pregnancy will prevent intrauterine, congenital, or neonatal vari- 
cella. It is unlikely that VZIG given to a pregnant woman with varicella 
within 5 days of delivery will result in sufficient transplacental passage to 
modify or prevent varicella in her infant. Accordingly, the infant should be 
given VZIG regardless of whether the mother has received VZIG prena- 
tally. 

Hospital Personnel and Exposures.—Recommendations for ex- 
posed hospital personnel and ward management of exposure problems are 
available. 1°° 

Dosage.—VZIG should be given as soon as possible after exposure but 
probably is effective if given within 4 or 5 days after exposure. VZIG is not 
of value in the treatment of varicella or zoster. VZIG probably confers pro- 
tection for 3 weeks. Antibody determinations before and 2 months after 
administration may help to determine the immune status of the individual 
and whether subclinical or modified infection has resulted. 

VZIG is supplied in vials of 125 units (about 1.25 ml). The recom- 
mended dose is 125 units/10 kg, up to a maximum of 625 units (5 vials). 
The minimum dose is 125 units. The necessity for higher doses in adults 
weighing more than 50 kg is not established. The cost is at least $75 per 
vial. The product is prepared by the Massachusetts Public Health Biologic 
Laboratories and is distributed through pharmacies and regional distribu- 
tion centers of the American Red Cross.'®’ If VZIG is unobtainable or un- 
affordable, standard HISG, or IGIV may be used. The dose of HISG 
(IGIM) is 0.6 to 1.2 ml/kg and the dose of IGIV is 300 mg/kg. 


a 
Use of Animal Serums and Antitoxins 


No discussion of passive immunity is complete without noting the contin- 
ued availability of several animal sera for therapeutic use (Table 10). In 
certain situations there is no alternative to the use of sera (e.g., diphtheria 
antitoxin in diphtheria, snake bite antivenom following bites) since special 
human immune globulins are not available. In other situations (e.g., teta- 
nus, rabies exposure) both animal antisera and special human immune 
globulins are available; the latter are preferred. 

Animal sera are also used as immunosuppressive agents in the form of 
equine antithymocyte globulin or murine monoclonal anti-T cell antibody. 
Another animal antibody (Digoxin immune FAb, Digibind) is available for 
the treatment of digoxin toxicity. It is an ovine (sheep) anti-digoxin anti- 
body that has been partially digested with papain. It binds to digoxin and 
the complex is excreted rapidly by the kidney. 
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ere ree eee ree ce ee ed A 
Precautions 


Animal sera are derived from immunized animals, usually horses (equine) 
or rabbits. Because these serums are foreign proteins, there is a significant 
risk to their use. Thus, they should be administered only when specifically 
indicated, after sensitivity tests, and by a physician prepared to treat a 
hypersensitivity reaction. 

A careful history must be taken before an animal serum is injected. Pa- 
tients with a history of asthma, allergic rhinitis, or other allergic symptoms 
on exposure to horses or rabbits may be dangerously sensitive to the cor- 
responding serum and should receive it only with the utmost caution. A 
scratch test or eye test, followed by an intradermal skin test, always should 
be performed before an injection of animal serum, whether or not the 
patient has had the serum previously. These tests indicate the probability 
of sensitivity. However, a negative test is not an absolute guarantee of 
absence of sensitivity. Therefore, either a specific history of allergy or a 
positive skin or eye test with horse serum is sufficient reason for special 
caution. A positive history of sensitivity to horse dander is an indication of 
the need for extreme caution. 

If the history and sensitivity tests are negative, the indicated dose of 
serum may be given intramuscularly. Intravenous injection may be indi- 
cated if a high concentration of circulating antibody is required rapidly, as 
in severe tetanus or diphtheria. Schedules for administration of horse 
serum intravenously are available. 


Hypersensitivity Reactions 


Hypersensitivity reactions to animal serum may be of four general types: 
(1) anaphylactic reactions, consisting of urticaria, dyspnea, cyanosis, shock, 
and unconsciousness occurring seconds to minutes after an injection; (2) 
acute febrile reactions, consisting of moderate or severe hyperpyrexia 
within 2 hours after an injection; (3) serum sickness reactions, consisting 
of urticaria, arthritis, adenopathy, and fever occurring hours to days after 
an injection, depending on the dose and the presence or degree of prior 
sensitization (serum sickness occurs within hours or a few days after the 
second injection and within 7 to 12 days after the first injection); and (4) 
delayed reactions of varying nature, including peripheral neuritis (serum 
neuritis). 


Use of Human Intravenous Immune Globulin 





Pharmacology of Intravenous Immune Globulins 


IGIVs for therapeutic use have been available since 1981 and have 
emerged as important therapeutic agents. IGIVs are prepared by eliminat- 
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ing high-molecular-weight complexes and their resultant anticomplemen- 
tary activity. Methods to accomplish this have utilized (1) physical removal 
of aggregates by ultracentrifugation or gel filtration, (2) treatment with pro- 
teolytic enzymes, (3) treatment with chemicals that reduce sulfhydryl 
bonds, followed by alkylation of the free-SH bonds, and (4) incubation at 
low pH. Physical removal of aggregates is impractical. Four IGIVs have 
been licensed in the United States (Table 11) and others are in use else- 
where. 

The first IGIV licensed in the USA was a reduced (dithiothreitol) and 
alkyalted (iodoacetamide) product formulated as a 5% solution in 10% 
maltose (Gamimune, Cutter Laboratories).!8?*The second IGIV licensed 
(1984) was an acidified, pepsin-treated powder reconstituted to a 3% or 
6% solution in 5% or 10% sucrose (Sandoglobulin, Sandoz Laboratories). 
The third, Gammagard, a 5% solution in glycine, is prepared by ion-ex- 
change chromatography, and the fourth, Gamimune-N, a 5% solution in 
maltose, is acidified at pH 4.25. All of these approach, but do not achieve, 
the characterization of an ideal IGIV (Table 12). For most patients and 
illnesses, these products are equally efficacious. For patients with anti-IgA 
antibodies, Gammagard is the preparation of choice, since it has the lowest 
level of IgA.187 

These preparations have acceptable serum half-lives (18 to 25 days), 
minimal anticomplementary activity, good antibody content, and HBsAg 
and HIV antibody negativity. A few cases of non-A, non-B hepatitis with 
IGIV have been recorded.?® 191 Donors are now screened for non-A, 
non-B hepatitis by measuring their alanine aminotransferase levels.!% 

These IGIV preparations are equally effective in preventing serious in- 
fections in antibody-deficient subjects as are equivalent doses of HISG 
given by intramuscular injections.!8° The incidence of side effects (other 
than local pain) such as nausea, vomiting, flushing, chest tightness, cough- 
ing, and chills is significantly increased threefold or fourfold but usually not 
life threatening. Anti-IgA antibodies of the IgE class have been responsible 
for one life-threatening reaction.!° Most patients who do not have such 
reactions prefer IGIV. The incidence of side reactions to IGIV can be re- 
duced by pretreatment with aspirin, diphenhydramate, or corticoste- 
folds. o> 

For adults requiring large volumes of intramuscular HISG injections, 
IGIV therapy is much better tolerated. In patients with thrombocytopenia 
(e.g., Wiskott-Aldrich syndrome, patients undergoing bone marrow abla- 
tion for transplantation), IGIV is the agent of choice. Another advantage of 
IGIV is the large quantities of IgG that can be administered; indeed IgG 
levels can be normalized (IgG > 600 mg/dl) with repeated daily infusions. 

IGIV can be used in illnesses other than antibody deficiency—a fact that 
was not recognized during its development. The benefit in some illnesses 
was unexpected, as in Kawasaki’s disease and idiopathic thrombocytope- 


*No longer available. 
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TABLE 12. 
Properties of an Ideal Intravenous Immunoglobulin* 





Wide spectrum of antibodies (donor pool greater than 1,000 donors) 

Long serum half-life (greater than 20 days) 

Contains mostly monomeric IgG (greater than 90%); all IgG 
subclasses 

Contains no pyrogens, aggregates, other vasoactive substances, not 
anti-complementary 

Minimal side effects 

Minimal IgA, other serum proteins 

Sterile (no hepatitis B virus, human immunodeficiency virus, other 
pathogens) 

Stable, readily soluble (if a powder) 

Inexpensive 


*From Stiehm ER (moderator): Intravenous immunoglobulins as therapeutic 
agents. Ann Intern Med 1987; 107:367. Used by permission. 


nia purpura (ITP); the benefit in certain infections was less surprising be- 
cause large quantities of specific antibody are given. 


IGIV in Antibody Deficiencies 


IGIV can be used for the primary and secondary antibody deficiencies that 
were shown in Table 4. The advantages and disadvantages of IGIV over 
HISG for the treatment of antibody deficiency are shown in Table 13. 
Used at the same 100 ma/kg/month, IGIV and HISG provide similar ther- 
apeutic effects. 8? 

Administration of IGIV usually requires 1 to 3 hours. If a reaction is 
anticipated, premedication is given 1 hour before the infusion is started. 
The infusion is begun at a slow rate (e.g., 0.5 ml/minute). If this is toler- 
ated, the infusion can be increased to 1 to 3 ml/minute. IGIV is generally 
well tolerated and efficacious in the treatment of antibody deficiency. 
Large doses, even given daily, can be given with impunity. Because drug 
toxicity does not limit dosage, other end points must be used as guidelines 
to the optimal dose. 


Dosage 


The serum IgG level increases in a dose-dependent fashion immediately 
after an IGIV infusion. In general each 100 mg/kg of IGIV infused in- 
creases the IgG level 200 mg/dl above the preinfusion IgG level. The IgG 
level drops off rapidly for 1 to 3 days immediately after an infusion due to 
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TABLE 13. 

Advantages and Disadvantages of 
Intravenous Immunoglobulin 
Compared With Intramuscular 
Immunoglobulin* 





Advantages of intravenous immunoglobulin 
Less painful 
No pooling within tissues 
No sterile abscesses 
No mercury exposure 
No volume limitation 
Rapid attainment of blood levels 
Less frequent injections 
High levels feasible 
Half-life studies feasible 
Use in other disorders 
Daily treatment feasible 
Disadvantages of immunoglobulin 
Expensive 
Venous access necessary 
Longer time of administration 
More frequent side effects (5% to 15%) 
More severe side effects 
Hepatitis (a few cases) 
*From Stiehm ER (moderator): Intravenous im- 


munoglobulins as therapeutic agents. Ann Intem 
Med 1987; 107:367. Used by permission. 


equilibration throughout the distribution compartment. 196 Thereafter, the 
IgG levels fall exponentially with a half-life of about 20 days. There have 
been several methods proposed to individualize dosage using half-life de- 
terminations.!?” However, the administered dose may not achieve the ex- 
pected serum levels. Perhaps the half-life is shortened by the higher serum 
level or there is excessive loss within the extravascular space in the early 
equilibration phase. Among different persons, the IgG half-life ranges from 
11 to 44 days (mean, 25.4 days).!?8 For patients with a short IgG half-life, 
more frequent infusions of a smaller IGIV dose can be used to maintain 
IgG levels in the normal range. In most patients, normalization of serum 
IgG levels can be achieved by increasing the dose or frequency of admin- 
istration. However, serum levels do not necessarily correlate with clinical 


benefit. 
Prevention of infection is the ultimate goal in IGIV therapy in patients 
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with antibody deficiency. HISG doses of 100 mg/kg/month given intra- 
muscularly are effective in preventing serious infections when compared 
with no treatment.'© Although higher doses do not reliably provide addi- 
tional clinical benefit, two studies have indicated fewer infections with a 
higher dosage. Nolte et al.'?? compared 150 mg/kg/month of IGIV with 
100 mg/kg/month of HISG given intramuscularly. Cunningham-Rundles et 
al.2°° compared 300 mg/kg/month of IGIV with 150 mg/kg/month of HISG 
given intramuscularly. Both studies showed that patients given a higher 
IGIV dose had significantly fewer acute infections. The route of administra- 
tion (IV vs. IM) may have influenced the outcome. 

In contrast to these studies, a recent multicenter study comparing 100 
mg/kg/month of IGIV with 400 mg/kg/month of IGIV showed no reduction 
in infections even though high-dose patients had normal IgG levels.'”? The 
inability to reduce the number of infections by high-dose IGIV may reflect 
an inability to deliver antibody to the mucous membranes. In addition, 
patients with chronic infection (e.g., bronchiectasis) may never be infec- 
tion-free, despite massive infusions of IGIV. Another study using an IGIV 
dose of 500 mg/kg/month provides some evidence that a high dose may 
reduce the number of infections when compared with IGIV at a dose of 
150 mg/kg/month.272 

Our practice is to initiate IGIV therapy at doses of 150 to 200 mg/kg at 
3- or 4-week intervals; we try to keep trough IgG levels over 400 mg/dl. If 
infections persist after 6 months on this regimen (or on intramuscular in- 
jections), we increase the IGIV dose to 400 to 500 mg/kg to maintain the 
IgG level over 600 mg/dl. Some but not all patients do better on the higher 
dosage. 


Self-Administration of IGIV 


Another major consideration in determining the dose of IGIV is economics. 
A 75-kg man receiving 400 mg/kg/month of IGIV will spend about $1,200 
per month for IGIV, excluding administration costs and physician fees. 
Most patients now receive their monthly IGIV as a 3- to 4-hour outpatient 
visit. Ashida and Saxon“ have developed a program for the home self- 
administration of IGIV for patients with antibody deficiency based on the 
finding that hemophiliacs can self-administer factor VIII. 

Seven patients with antibody deficiency, selected for their ability to learn 
the procedure and for the possession of readily accessible veins, were be- 
gun on this program. The material needed for the infusions is available at 
local pharmacies (Table 14). The patients use a small-size butterfly needle 
inserted into a hand or forearm vein. An infusion pump, such as Auto- 
Syringe model AS2F (Auto Syringe, Hooksett, New Hampshire), permits 
the patient to regulate the rate of infusion. Because of the potential for 
anaphylactic reactions, each patient must have an Ana-kKit (Hollister-Stier, 
Spokane, Washington) or EpiPen (Center Laboratories, Port Washington, 
New York) available during the infusion. 

During a 3-year period, this method has proven to be safe, effective, 
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TABLE 14. 
Materials Needed for Home Intravenous 
Immunoglobulin Infusions Using Pump* 
pes i eet aie? bole. 
For venipuncture 
Tourniquet 
23-gauge 0.75-inch butterfly needle with 12-inch tubing 
Alcohol swabs 
Gauze 
Bandaid 
12-inch syringe for 5% dextrose in water to flush intravenous line 
5% dextrose in water, sterile 
Tape 
For infusion 
35-ml syringes to fill with intravenous immunoglobulin and load 
in AutoSyringet pump 
18-gauge needles to use with 35-ml syringes 
33-inch intravenous tubing to connect 35-ml syringe and 23- 
gauge butterfly needle 
Infusion pump (AutoSyringe?) 
Intravenous immunoglobulin preparation 
Other 
Ana-Kitt or EpiPen§ 


*From Ashida ER, Saxon A: Home intravenous immunoglobulin by self ad- 
ministration. J Clin Immunol 1986; 6:306—309. Used by permission. 
tAutoSyringe, Auto Syringe, Hooksett, New Hampshire. 

#Ana-Kit, Hollister-Stier, Spokane, Washington. 

§EpiPen, Center Laboratories, Port Washington, New York. 





and cost efficient with good patient acceptance; there have been no ad- 
verse reactions to the IGIV. Home infusion has been equivalent to hospi- 
tal-based infusion in terms of number of minor and major infections, days 
missed from work, amount of antibiotics used, and IgG levels achieved. 
Patients can administer the IGIV at their convenience without missing work 
or incurring hospitalization expenses. Thus, self-administration of IGIV 
helps to reduce the enormous costs of these lifelong diseases. 





IGIV in Infections 


The use of IGIV in the therapy of certain viral and bacterial infections is 
under extensive study. In experimental group B streptococcal infection in 
newborn rats, IGIV plus antibiotics are superior to antibiotics alone in 
clearing the blood stream of organisms.?° Encouraging preliminary results 
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are also available for experimental infections with Klebsiella, Pseudo- 
monas, and E. coli. Routine use of IGIV in human bacterial infection is 
premature; a few clinical reports suggest that IGIV may be contraindicated 
in the thera y of severe infection, possibly because of reticuloendothelial 
blockage.2°47 


Neonatal Infections 


IGIV has been used in neonatal infections with suggestive therapeutic ben- 
efits.2°” IGIV may also be of value in treating overwhelming infections due 
to Hemophilus influenzae type b, Streptococcus pneumoniae and Neis- 
seria meningitis.2°°-?!' A new immunoglobulin, termed bacterial polysac- 
charide immunoglobulin (BPIG), derived from volunteers immunized with 
capsular polysaccharides of H. influenzae type b, pneumococci, and 
meningococci”?* is effective in preventing bacteremia and meningitis 
caused by H. influenzae type b in infant rats.”"? It also provides significant 
protection against H. influenzae type b bacteremia and meningitis in 
Apache infants.?!” Use of this hyperimmune globulin may provide an al- 
ternative approach to active immunization for prevention of disease due to 
H. influenzae type b in certain high-risk populations, such as Alaskan Es- 
kimos and native Americans. 


Cytomegalovirus Infections 


There have been several trials of IGIV in bone marrow transplant patients 
at risk for symptomatic cytomegalovirus (CMV) infection and pneumonia. 
Winston?!? has summarized the results of six controlled trials (over 300 
patients) of CMV immune plasma, CMV hyperimmune globulin, or poly- 
valent IGIV containing CMV antibody (Gamimune). 

The latter IGIV was given at high doses (20 ml/kg every week for 4 
months) and was well tolerated.2!* The incidence of CMV infection was 
35% in the recipients of immune plasma or globulin versus 51% in control 
subjects, and CMV pneumonia was reduced from 23% to 8%. These re- 
sults suggest that immune globulin or plasma, although not necessarily pre- 
venting CMV infection, modifies the severity of infection and prevents 
CMV interstitial pneumonia in bone marrow transplants. 

Similar results have been obtained in CMV interstitial pneumonia in 
bone marrow and renal transplant recipients. In a multicenter study of pro- 
phylactic intravenous CMV hyperimmune globulin in renal transplants,??° 
the incidence of symptomatic CMV infection (fever, leukopenia, thrombo- 
cytopenia, hepatitis, or pneumonia) was reduced from 64% (14 in 22 con- 
trol subjects) to 20% (three in 15 globulin recipients). CMV viremia and 
other opportunistic infections also occurred less frequently in the globulin 
recipients. 

In addition to prophylaxis, IGIV has been used for the treatment of es- 
tablished CMV infections. Condie et al.?!° reported that 71% of 52 renal 
transplant patients with life-threatening CMV infection improved after treat- 
ment with IGIV, and a favorable response correlated with the postinfusion 
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CMV antibody titer. Similarly, five of seven renal transplant patients 
treated by Nicholls et al.?!” with a CMV hyperimmune IGIV for severe 
CMV infection showed significant clinical improvement. Six of nine bone 
marrow transplant patients with CMV pneumonia treated with a CMV im- 
munoglobulin in London survived.?!8 By contrast, only two of ten patients 
at another center survived CMV pneumonia after treatment with CMV im- 
munoglobulin.”? Thus, IGIV is not of proven value in the therapy of es- 
tablished CMV infection. 


Chronic Meningoencephalitis 


Chronic meningoencephalitis due to echovirus characteristically occurs in 
patients with X-linked agammaglobulinemia. Treatment with high doses of 
IGIV modifies the severity of infection and improves survival. Winston’s 
review of published reports*’* indicated that eight of 11 patients treated 
with IGIV survived compared with only two of ten patients given intramus- 
cular HISG or immune plasma and none of four patients who received no 
treatment.22°23 Two patients who received intraventricular immunoglob- 
ulin as well as IGIV experienced resolution of cerebrospinal fluid (CSF) 
pleocytosis with eradication of the echovirus from the CSF.224 However 
other patients, including two given intraventricular immunoglobulin,22> 225 
have a chronic fluctuating course with persistent CSF pleocytosis and pos- 
itive CSF viral culture. 


Varicella-Zoster 


The varicella-zoster antibody titers achieved after administration of Gami- 
mune (4 to 6 ml/kg) are equivalent to those achieved after VZIG.'** Ad- 
ministration of this IGIV may be useful prophylactically in patients with 
known exposure to varicella-zoster when VZIG is not available or cannot 
be given because of thrombocytopenia. VZIG or IGIV is not of value in 
the treatment of established varicella-zoster infections.°3 


Other Viral Infections 


In chronic Epstein-Barr disease, a preliminary uncontrolled study reported 
symptomatic improvement following IGIV therapy in eight of 12 pa- 
tients.“ Sullivan?’ suggests the use of IGIV in unexposed infants and 
children with the X-linked lymphoproliferative syndrome to prevent Ep- 
stein-Barr infection; these boys develop severe and sometimes fatal com- 
plications from this virus infection. 

IGIV preparations also contain antibodies to several common respiratory 
tract viral pathogens including respiratory syncytial virus, adenovirus, influ- 
enza, and parainfluenza.2“°**! In animal models, the administration of 
IGIV modifies the severity of respiratory syncytial virus infection”? °° with 
significant reduction of viral shedding from the lungs and nose. A double- 
blind, placebo-controlled trial of high dose IGIV for the treatment of hos- 
pitalized children with respiratory syncytial virus lower respiratory tract in- 
fection is underway.”** 
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There are no controlled trials on the efficacy of IGIV for other viral lower 
respiratory tract infections. Adenovirus pneumonia has occurred in immu- 
nodeficient children lacking neutralizing antibody to adenovirus, and one 
child recovered after receiving intramuscular immunoglobulin.**° In con- 
trast, IGIV failed to eradicate parainfluenza pneumonia in a child with se- 
vere combined immunodeficiency.7°° 

A unique use of IGIV preparations is administering them orally to im- 
munodeficient patients with viral gastroenteritis. Pharmacokinetic studies 
indicate that immunoglobulin possessing antirotavirus activity survives gas- 
trointestinal passage in an immunologically active form and decreases the 
amount of uncomplexed rotavirus antigen in the gastrointestinal tract by 
formation of rotavirus-specific immune complexes.**’ Prophylactic oral im- 
munoglobulin protected low-birth-weight infants from rotavirus diarrhea in 
a nursery where rotavirus was endemic. 


Pediatric AIDS 


Calvelli and Rubinstein?%? have used IGIV to prevent infections in children 
with pediatric acquired immune deficiency (PAIDS). These patients have a 
functional antibody defect and suffer from repeated bacterial and viral res- 
piratory infections (as well as several opportunistic infections). They seem 
better when kept on monthly or every 3 weeks IGIV at doses of 200 to 
400 ma/kg/month. Some PAIDS patients have improved their in vitro T 
cell immunity. In one study, 12 of 14 infants treated with IGIV survived 
whereas 14 of 27 comparable patients who did not receive IGIV sur- 
vived.7°? The use of IGIV containing antibody to HIV virus in PAIDS is 
under study to determine if this provides better clinical results than IGIV 
without detectable HIV antibodies. 

Of note, there is no risk of transmitting HIV virus or other viruses via 
HISG or IGIV.2*° 241 The alcohol fractionation procedure removes and 
inactivates these viruses.*** Since HISG or IGIV collected before 1985 
were derived from donor pools that included some HIV antibody positive 
individuals, these products contained HIV antibodies and recipients could 
transiently become HIV antibody positive. Present lots of IGIV have no 
HIV antibodies. Certain lots of HBIG and other special immune globulins 
may still contain significant HIV antibody titers. 


a 
IGIV in Immunoregulatory Disorders 


IGIV in Idiopathic Thrombocytopenic Purpura 


The therapeutic benefit of IGIV in ITP was first reported by Imbach et 
al.243: 244 who noted that the thrombocytopenia in several agammaglobu- 
linemic and Wiskott-Aldrich syndrome children improved following IGIV 
therapy. When this therapy was extended to other pediatric patients with 
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thrombocytopenia, they noted that ITP patients had higher platelet counts 
and diminished bleeding following IGIV administration. 

Since then, high-dose IGIV (at least 400 mg/kg/day for 3 to 5 days) has 
been used extensively in both acute and chronic ITP in children and 
adults.°“* °4° Several different commercial IGIVs have been used success- 
fully;24° they are probably therapeutically equivalent. 

In children with acute ITP, the risk of life-threatening hemorrhage early 
in the disease is the major concern. Therefore, attention has focused on 
how rapidly patients treated with IGIV achieve a sustained rise in platelets. 
Bussel et al.**” treated 29 patients with IGIV (1 gm/ka/day for 3 days); all 
experienced a marked increase in the platelet count within 24 hours. Im- 
bach et al.2“° compared 47 children with acute ITP treated with IGIV (400 
mg/kg/day for 5 days) to 47 children treated with corticosteroids. In most 
patients (62%), the response to either therapy was equally rapid, but in 
the remainder (38%), patients treated with IGIV achieved remission 
sooner. The incidence of progression to chronic ITP was the same in both 
groups (about 20%). 

Because the risk of severe hemorrhage is greatest with extremely low 
platelet counts, IGIV has been recommended in acute thrombocytopenic 
purpura when the platelet count falls below 10,000/ul.?“? One strategy has 
been to initially treat these children with corticosteroids; if there is not a 
prompt increase in the platelet count, IGIV can be added to bring about a 
more rapid remission. 

IGIV has also been used in chronic ITP when conventional therapy has 
been relatively ineffective; children with this disease may respond better 
than adults. Bussel et al.2°° gave IGIV to 12 children with chronic ITP who 
were also receiving corticosteroids and were being considered for splenec- 
tomy. IGIV was given at doses of 400 mg/kg/day for 5 days followed by 
single infusions of 400 mg/kg/day, first weekly and then monthly as 
needed to maintain the platelet count of 24,000/yl to an average peak 
posttreatment count of 266,000/pl. At follow-up, at least 4 months after 
maintenance therapy was stopped, one of 12 patients had achieved com- 
plete remission and four of 12 had maintained platelet counts more than 
40,000/wl. Thus, IGIV may permit the postponement or avoidance of 
splenectomy in some children. It may also permit the discontinuation 
of immunosuppressive medication that is causing undesirable side ef- 
fects. 

Mori et al.2°! gave IGIV (400 mg/kg/day for 5 days) to 25 children with 
chronic ITP without subsequent infusions; the results, however, were less 
dramatic. Twenty responded with significantly increased platelet counts but 
in only three did platelet counts remain over 100,000/ul for at least 4 
months. In the remaining 17, the platelet count returned to pretreatment 
values within 1 to 4 weeks. Neither study had treated controls so it is 
difficult to determine whether IGIV truly deferred the need for splenec- 
tomy. 
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Several mechanisms of action for the beneficial effects of IGIV in throm- 
bocytopenia have been proposed. IGIV delays the clearance of antibody- 
coated autologous erythrocytes; this parallels an increase in the platelet 
count suggesting a competitive blockade of reticuloendothelial Fe recep- 
tors7thi? 

Platelet-associated immune globulin decreases after successful IGIV ther- 
apy,-°* 754 suggesting that IGIV decreases antiplatelet antibody produc- 
tion. Monomeric IgG inhibits pokeweed mitogen induced B-cell differ- 
entiation, Presumably by an antigen-nonspecific effect on antibody pro- 
duction.*°° Alternatively, the presence of anti-idiotypic antibodies in IGIV 
may successfully downregulate antibody production.?°* IGIV may also in- 
terfere with the interaction of platelets with immune complexes, antiplatelet 
antibodies, or both.2°® 2°7 


IGIV in Other Immune Thrombocytopenias 


The success of IG!V in ITP has prompted its use in several other immu- 
nologically mediated thombocytopenias. IGIV given to patients with leu- 
kemia who are sensitized and refractory to random donor platelets will 
prolong the survival of exogenous platelets during episodes of active 
bleeding.?©° 2°! 

Neonatal thrombocytopenic purpura secondary to maternal ITP and re- 
sulting transplacental maternal antibody has been successfully reversed 
with IGIV;2°* IGIV given prenatally to mothers with ITP has prevented 
neonatal thrombocytopenic purpura in some,” 76 but not all, cases?©° 
despite attainment of normal maternal platelet counts. Isoimmune throm- 
bocytopenia in the newborn period due to maternal isoimmunization has 
also been treated successfully with IGIV. Massey et al.7°° reports prompt 
reversal of thrombocytopenia in three such infants. 

Posttransfusion purpura has also responded to IGIV,76% 767 as has 
thrombotic thrombocytopenic purpura,*°! and gold-induced purpura.2® 
IGIV has been used successfully in postinfectious thrombocytopenia—that 
associated with varicella-zoster infection?™ or HIV infection.2”° 


IGIV In Neutropenia and Autoimmune Hemolytic Anemia 


IGIV has also been used in the treatment of autoimmune neutropenia in a 
steroid-dependent adult?”’ and in three infants.2”” 273 A remission was in- 
duced in one infant and transiently increased neutrophil counts in the 
other three patients, with resolution of infection. IGIV may therefore pro- 
vide a useful alternative to immunosuppressive agents, particularly during 
episodes of infection. 

IGIV has been used in autoimmune hemolytic anemia with both success 
and failure*’* 278 unrelated to the age of the patient or the IGIV dose. 
Because of its safety, an early trial of IGIV (400 mg/kg/day for 5 days) is 
probably warranted, particularly if the response to steroids is unsatisfac- 
tory. 
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IGIV in Kawasaki’s Disease 


IGIV is of benefit in the therapy of Kawasaki’s disease, an acute self-limited 
febrile illness of children whose major complication is coronary aneu- 
rysm. 8 The pathologic findings suggest a vasculitis similar to infantile 
polyarteritis nodosa.?”’ Coronary aneurysms develop in about 20% of pa- 
tients and the associated coronary thrombosis accounts for a 1% to 2% 
mortality.2”” ”8 Conventional therapy consists of high-dose aspirin for its 
antiinflammatory and antithrombotic effects, but it seems to have little ef- 
fect on the incidence of coronary aneurysm.?’? Because circulating im- 
mune complexes have been implicated in the pathogenesis of Kawasaki’s 
disease and IGIV is known to modulate Fc receptor function in thrombo- 
cytopenic purpura, IGIV has been used. 

An initial study from Japan compared IGIV (400 ma/ka/day for 5 days) 
plus aspirin (30 mg/kg/day) to aspirin therapy alone.”°° After 60 days of 
therapy, three of 40 (8%) of the IGIV-aspirin patients had persistent coro- 
nary aneurysms by echocardiography vs. 14 of 45 (30%) in the control 
group. There was no difference in duration or height of fever, platelet 
count, or acute-phase reactants. Because the echocardiographs were not 
read blind, the validity of the study is questioned. 

A recent trial from the USA compared 84 patients treated with IGIV 
(400 mg/kg/day for 4 days) plus aspirin (100 mg/kg/day for 2 weeks fol- 
lowed by 3 to 5 mg/ka/day) with 84 control patients treated with aspirin 
alone.”*! Echocardiography was done at 2 and 7 weeks after treatment 
and interpreted blind. At 7 weeks, three of 79 (4%) of treated patients had 
aneurysms versus 14 of 79 (18%) of control patients. In the treatment 
group, fever resolved more quickly and white blood cells and neutrophil 
levels were significantly lower, whereas platelet counts were comparable. 
Similar results were reported from Japan by Nagashima et al.;?°* using 
400/mg/kg/day for 3 days, coronary abnormalities occurred in 25 of 65 
(37%) aspirin-treated patients vs. 11 of 69 (16%) of the IGIV treated 
group. Long-term follow-up will be necessary to determine the ultimate 
effect of IGIV on morbidity and mortality. 

As in ITP, the mechanism of action of IGIV in Kawasaki’s disease is not 
known. Possible Fe receptor blockade or modulation of function, suppres- 
sion of antibody synthesis, or administration of specific antibody to neu- 
tralize an as yet unidentified retrovirus of Kawasaki’s disease have been 
suggested. Lueng et al.” noted that IGIV treatment of Kawasaki’s disease 
diminished the levels of activated T helper cells and decreased the secre- 
tion of T cell derived B cell growth factors. 


IGIV In Other Immunoregulatory Disorders 


Case reports have detailed the successful use of IGIV in several other au- 
toimmune disorders. 1 
Myasthenia gravis is associated with antiacetylcholine receptor antibod- 
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ies that can be passed transplacentally to neonates. Myasthenia is also as- 
sociated with other autoimmune antibodies and autoimmune disorders. 
Gajdos et al.2°° reported that in four of five patients given IGIV (1 to 2 
gm/kg over 5 days), neurologic scores and vital capacity improved signifi- 
cantly. Fateh-Moghadam et al.78° noted improvement of the neurologic 
status of four patients with myasthenia gravis with a 7S IGIV preparation 
but not with a 5S IGIV preparation, implicating the Fc portion of the anti- 
body molecule. Ippoliti et al.2°” reported that six of seven patients given 
IGIV (400 mg/kg/day for 5 days) had significant neurologic improvement, 
which lasted at least 60 days in five of the six patients. 

IGIV has been used in hemophilia with auto-antibody to factor VIII. In 
one patient in whom corticosteroids and vincristine were discontinued be- 
cause of adverse effects, bimonthly IGIV (400 mg/kg/day for 5 days) re- 
sulted in significantly increased factor VIII levels that were maintained for 
7 months after the infusions were stopped.” In two other patients treated 
with IGIV, factor VIII levels increased and factor VIII inhibitor fell; repeated 
doses were necessary, however, before a stable increase in factor VIII lev- 
els was attained. 

IGIV was used in the treatment of 11 patients with biopsy-proven bul- 
lous pemphigoid, a blistering skin disease associated with antiepidermal 
antibodies.””” Eight of nine patients given high-dose IGIV (400 mg/kg/day 
for 5 days) had a marked decrease in new blistering by the second day of 
therapy, but, except in one patient, effects did not last beyond 2 weeks. 
Two patients given lower doses showed no improvement. 

The value of IGIV in systemic lupus erythematosus (SLE) is unproven. 
The platelet response to IGIV of patients with lupus-associated immune 
thrombocytopenia is similar to that of adults with thrombocytopenic pur- 
pura.”°’ Some but not all patients respond clinically to IGIV. In one pa- 
tient, acute symptoms of SLE (rash, oral ulcer, fever, and pancytopenia) 
responded well, and remission was maintained with weekly IGIV infu- 
sions.27! When the infusions were stopped 6 months later, the patient 
relapsed but again remitted on the reinstitution of IGIV therapy. In a 
series of 6 patients with SLE given IGIV, circulating immune com- 
plexes decreased, but C3 levels did not change.””” Thus, in this limited 
experience, IGIV does not appear to be a promising therapeutic agent 
for SLE. 

Combe and colleagues””’ treated 31 patients with severe rheumatoid 
arthritis with human placenta eluted IGIV and measured a 50% improve- 
ment in 60% of patients. Four of six children with newly diagnosed dia- 
betes treated with IGIV underwent prolonged partial remission.~”* Because 
of evidence for autoimmune phenomena in intractable childhood epilepsy, 
Ariizumi and associates treated 16 patients with IGIV, resulting in complete 
clinical and EEG remission in four patients and marked clinical improve- 
ment in two.?”° The validity of these isolated reports awaits larger con- 
trolled trials. 
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IGIV in Prematures and Newborns 


The rationale for the use of IGIV in premature and newborn infants is 
based on their increased risk of infection, their incomplete acquisition of 
maternal antibodies, their sluggish antibody response to certain antigens, 
their physiologic hypogammaglobulinemia (particularly in the presence of 
profound prematurity), and their immature complement and phagocytic 
systems. Several recent studies indicate that IGIV may be of preventive or 
therapeutic value in certain high-risk, low-birth-weight infants. These are 
summarized in Table 15. 


Sidiropoulos et al.2°” treated successive infants suspected of neonatal 





TABLE 15. 
Possible Uses of Immune Globulin in Newborns and 
Infants* 
Immune Globulin Example 
Intravenous 
Prevention of neonatal sepsis Group B Streptococcus 
Treatment of neonatal sepsis With antibiotics, 
polymorphonuclear 
neutrophils 
Prevention of neonatal viral Adenovirus 
disease 
Treatment of neonatal viral Respiratory synctial virus 
disease 
Treatment of transient 
hypogammaglobulinemia of 
prematurity 
Treatment of gastrointestinal viral Rotavirus 
disease 
Intramuscular 
Prevention of specific neonatal Varicella, tetanus, hepatitis Bt 
infections 


Prevention of meningitis or sepsis With bacterial polysaccharide 
immune globulin 
Treatment of transient 
hypogammaglobulinemia of 
prematurity 


*From Stiehm ER (moderator): Intravenous immunoglobulins as therapeutic 
agents. Ann Inter Med 1987; 107:367. Used by permission. 
tProven efficacy. 
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sepsis with antibiotics plus IGIV (0.5 to 1.0 gm/day) for 6 days. Four of 15 
(27%) of the antibiotic-treated group died compared to two of 20 (10%) 
of the antibiotic-IGIV group. A further breakdown indicated that four of 
nine (44%) infants less than 2,500 gm died compared to only one out of 
11° of infants given IGIV plus antibiotics; the latter is a statistically signifi- 
cant difference. 

Haque et al.“”” gave 50 normal Saudi Arabian newborns weighing less 
than 1,500 gm 125 mg/kg of IGIV on day 1 and another 50 newborns 
IGIV on days 1 and 8; 50 control infants got no treatment. Eight of 50 
control infants got infected while four of 100 (4%) of the IGIV-treated 
children got infected. Since the rate of infection, even among the treated 
groups, was extremely high, this experience may not be relevant to a nur- 
sery population of a developed country. 

The most extensive study conducted to date was carried out by Chirico 
et al.2”” who gave alternate infants weighing less than 1,500 gm 0.5 gm/ 
kg/week of IGIV for 4 weeks. They also gave IGIV weekly to alternate 
“high-risk” infants over 1,500 gm while they were on ventilators. Control 
infants got no IGIV. Thirty-one of 40 (77%) of the control infants less than 
1,500 gm developed infections and 13 (32%) died. By contrast, 22 of 43 
(51%) of IGIV-treated infants developed infection and 7 (16%) died. 
Among “high-risk” infants weighing less than 1,500 gm on ventilators, 
IGIV had no statistically significant benefit. 

IGIV may also be effective in the treatment of certain neonatal viral 
infections. Prince and co-workers**? showed that IGIV containing respira- 
tory syncytial virus (RSV) antibody accelerated viral clearance in Cotton 
rats with established viral infections. A clinical trial in newborn RSV infec- 
tion is underway. Treatment of established viral infection with IGIV has 
also been reported for echovirus 5, 7, 9, 11, adenovirus 7A, Argentine 
hemorrhagic fever, and CMV.*3! Newborns and immunodeficient and 
other immunocompromised patients are likely candidates for such experi- 
mental IGIV therapy. 

IGIV could be used to prevent physiologic hypogammaglobulinemia of 
pregnancy. Morell and colleagues*”® gave large (12 gm) of IGIV to mothers 
just before delivery and were able to significantly raise the neonatal IgG lev- 
els in infants over 3,200 gm. This approach was unsuccessful in infants less 
than 3,200 gm because of poor transplacental antibody passage. No one as 
yet has used repeated doses of IGIV during the first year of life such as was 
done with HISG by Amer and associates in 1963.’ They gave ex-prema- 
tures monthly HISG injections for the first 8 months of life with minimal or 
no benefit; larger doses of IGIV might be more effective. 


a 
Future Directions 


Several high titered human immune globulins are being tested for clinical 
efficacy indicating a polyvalent group B streptococcal immune globulin (for 
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newborns), a bacterial polysaccharide immune globulin (for high-risk in- 
fants), and a Pseudomonas immune globulin (for burn patients). High- 
dose antibody therapy is feasible by the use of the intravenous route. 

Other potential therapeutic immune globulins include an E. coli endo- 
toxin antibody (for shock or surgery), an anti-malarial antibody, and anti- 
viral antibody such as echovirus or adenovirus. 

Increased use of monoclonal antibodies to neutralize cells, bind to recep- 
tors, or detoxify certain drugs will be forthcoming. The use of monoclonal 
antibodies (even human monoclonal antibody) in specific therapy of cer- 
tain infectious diseases may be forthcoming. Antiidiotypic antibodies may 
pe of value in suppressing autoimmune disease or a specific harmful anti- 

ody. 

The use of antibody directed to specific tumor cells or organ to deliver 
radioisotopes or chemotherapeutic agent is feasible. Such antibodies can 
also be used diagnostically for tumor cell localization. 
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Obesity is one of the most prevalent nutritional problems in modern west- 
ern societies. Depending upon the diagnostic criteria employed, as many 
as 25% of the children and 30% of the adult population in the United 
States are obese.’~° The persistence of juvenile-onset obesity into adult- 
hood may create the metabolic groundwork for various degenerative car- 
diovascular disturbances of later life. Partly because adiposity-associated 
morbidites (hyperinsulinism, hypertension, hyperlipidemia, etc.) are often 
not evident until adulthood, the medical and allied professions have not 
given pediatric obesity the attention it deserves. 

Citizens of the United States spend over 10 billion dollars annually on 
books, drugs, special nutrient preparations, and other regimens designed 
to produce weight loss.° Approximately 30 million dollars per annum are 
spent on obesity-related research by the National Institutes of Health.’ Cli- 
nicians need little reminding of the intractable nature of this disorder and 
of the need for both effective prevention and more long-lasting modes of 
intervention. While obesity in children must be recognized as a serious 
disease entity, with significant implications for adult morbidity and mortal- 
ity, the imposition of ineffective treatments and societal stereotypes on the 
obese child may be equally damaging. This chapter will familiarize the 
reader with current knowledge regarding the etiology, epidemiology, mor- 
bidity, therapy, and prevention of obesity. 


Diagnostic Criteria for Obesity 





Definition 


Obesity may be defined as a maladaptive increase in the size of the adi- 
pose organ. An individual’s optimal amount of adipose tissue relative to 
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lean body mass (muscle, liver, brain, etc.) is dependent on factors such as 
age, intercurrent health, genotype, and environment. It was probably not 
maladaptive, for example, for our distant progenitors to be generously en- 
dowed with adipose tissue since they were often required to survive pro- 
longed periods of starvation.® Similarly, there are physiologic states, such 
as early pregnancy, when it may be advantageous to have more energy 
stored as fat.” 

All current anthropometric techniques for defining “obesity” in children 
employ actuarial approaches to its diagnosis. A specific weight-for-height 
or skinfold thickness, corrected for age and sex, is defined as ‘abnormal’ 
on a statistical (versus population norms) rather than a functional (versus 
risk of associated illness) basis. The former approach is reasonable at pres- 
ent because we do not yet possess the means to predict either the likeli- 
hood of temporal persistence of a given body composition or its probability 
of causing illness. In adults, where the association between body compo- 
sition and medical morbidity are clearer (see section on adipose tissue dis- 
tribution), risk assessment can be made with greater precision. Even in the 
case of adults, however, predictions regarding future morbidity related to 
body composition (or fat distribution) are made on an actuarial and not an 
individual basis, that is, we are not yet able to make prognostications that 
take account of specific genetic or environmental variables. These points 
should be recalled when considering the diagnosis of “obesity” in an indi- 
vidual child or adult. 

Any objective means of quantifying adiposity should ideally yield infor- 
mation regarding current and/or subsequent risk of medical morbidity. 
However, the degree of adiposity likely to provoke such manifestations 
varies from individual to individual. 

Adiposity cannot be defined by weight alone, since weight measures are 
confounded by height and do not distinguish lean body mass (all tissue 
that is not fat) from adipose tissue mass. Ideally, any clinical means, of 
quantifying adiposity should possess the following attributes: 


. Easily performed in an outpatient setting. 

Not be confounded by other body mass covariates such as height. 

. Yield reproducible results that can be matched against available ref- 
erence standards. 

. Correlate with present and/or future adiposity-related morbidity. 

. Provide information regarding anatomic distribution of adipose tissue 
(see section on adipose tissue distribution). 


OF whe 


This section reviews some of the more commonly used methods of as- 
sessing fatness. For reasons discussed earlier, none of these techniques 
satisfies all of the aforementioned criteria. 


Assessment of Body Composition ; 


Densitometry.—Densitometry has long been regarded as the ‘‘gold 
standard” against which other methods of estimating body composition 
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should be rated.? 1! Briefly, this technique treats the body as if it were 
composed of two compartments: adipose tissue (AT) and lean body mass 
(LBM). It is assumed that body density is a proportional function of the 
density of LBM (1.1 gm/ml) and the density of AT (0.9007 gm/ml), and 
that the densities of these two compartments remain constant throughout 
life and do not vary between individuals. Differences in body density de- 
termined by hydrostatic (underwater) weighing as compared with weight 
in air can then be used to estimate the relative proportions of these two 
compartments.!® 1213 While the assumption that the mean densities of 
these two compartments remain relatively constant is apparently valid in 
adults, it may not be so for children. Total body water in children, ex- 
pressed as a percentage of total body mass, declines by as much as 5% to 
10% from infancy to adolescence, while the concentration of minerals in 
bone increases more than twofold from infancy to adulthood. Similarly, 
the potassium and protein concentrations in muscle are not constant dur- 
ing growth. These factors combine to produce a lower density of LBM in 
children than adults, thus mooting to some extent the applicability of this 
difficult procedure to the pediatric population until more data are available 
on body composition during growth.’ 14?! 

Total Body Electrical Conductivity.—Total body electrical conduc- 
tivity (TOBEC) has recently been described as a means of assessing lean 
body mass that is independent of the assumptions regarding body density 
that currently limit the use of densitometry in children.2* 72 TOBEC is 
based on the principle that body water content can be assayed indirectly 
by measuring the conductance of the human body when placed in an 
electromagnetic field. Subjects are introduced into a solenoidal coil that is 
driven by a 5-MHz oscillating frequency current. Changes in coil imped- 
ance are proportional to the electrical conductivity of the body. Electrical 
conductivity is proportional to ion-containing body water (i.e., LBM). TO- 
BEC is noninvasive and correlations of lean body mass measured by TO- 
BEC and by hydrodensitometry in adults and children are good.?* LBM 
as determined by TOBEC does not appear to be affected by variation in 
the water and potassium content of LBM in adults and therefore is prob- 
ably not affected by changes in these parameters that occur during 
growth.'* Once LBM is assessed, AT mass can be determined by subtract- 
ing LBM from total body weight. However, despite its excellent correlation 
with densitometric measures, TOBEC requires expensive equipment that 
is not readily available to the pediatrician. Population profiles of normative 
data for LBM based on TOBEC are not yet available. 

Weight/Height Ratios.—The most commonly used clinical indices of 
adiposity are various mathematical permutations of the ratio of weight to 
height. These manipulations are designed to generate a relationship in 
which height is eliminated as a significant covariate of weight. The body 
mass index (weight)/(height in meters)? = BMI) is highly correlated with den- 
sitometric assessment of body fat and poorly correlated with height.2°-?” 
Normative data for BMI percentiles in the USA based on age, sex, and 
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ethnicity are available.*® While BMI represents a useful parameter, it may 
not detect children at risk for adiposity-related morbidities due to fat distri- 
bution (see section on adipose tissue distribution) and will ‘‘mislabel’’ mus- 
cular children as obese. 

Skinfold Thickness.—The most accurate of the readily available and 
standardized methods of assessing adiposity is the direct measure of sub- 
cutaneous fat at various anatomic sites using skinfold calipers. Variability 
can be reduced to less than 3% if measurements are taken repeatedly 
(three to five times) by an experienced operator. '* 27-32 Normative values 
for skinfold thickness percentiles at various sites (triceps subscapular, etc.) 
reflecting age, sex, and ethnicity are available.?® 3% $ 39 Correlation with 
densitometric assessment of body fat is good.*° While some training is re- 
quired to become proficient in this method, its benefits probably outweigh 
the inconvenience, and skinfold thickness measurement should be in- 
cluded in the routine evaluation of the growing child. 

In summary, densitometry is regarded as the most accurate means of 
assessing total body fat, but relies on assumptions regarding the composi- 
tion of LBM that may not be valid in children. Both BMI and skinfold 
thickness have been shown to correlate highly with other measures of total 
body fat, including densitometry and computed tomography. !? 4+ 42 While 
BMI is more easily determined and is more reproducible than skinfold 
thickness, the latter yields more information and is better correlated with 
adiposity-related morbidities (see section on adipose tissue distribution). 
Other methods may prove superior once more reference data and experi- 
ence have been reported, but at present skinfold thicknesses appears to 
be the best readily available means of assessing body composition and AT 
distribution in children. 


Basic Physiology of Body Weight Regulation 


a 


The quantity of AT in the body reflects the cumulative balance between 
energy intake and output. Obesity is ultimately the result of an excess of 
energy intake relative to energy expenditure. In this sense, excessive adi- 
posity is a reflection of the activities of systems controlling energy homeo- 
stasis rather than a primary abnormality of fat. Regarding a specific obese 
individual, however, no a priori judgement can be made as to whether 
there is a disorder of energy intake, output, or both. 

If energy intake and utilization were independent processes, then the 
prediction of change in body fat in response to dietary manipulation or 
change in energy expenditure would be comparatively simple. Any change 
in either of these parameters would result in a corresponding weight 
change of approximately 1 gm of fat per 7 kcal alteration in intake relative 
to expenditure. By taking in 150 calories (an 8-o0z glass of milk) more or 
less per day than energy output, an individual’s body weight would then 
change by 21.4 gm per day or 7.8 kg per year. However, energy intake, 
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metabolic efficiency (calories stored per calories consumed), and body 
mass are interrelated variables whose interlocking control mechanisms are 
poorly understood. The relative long-term constancy of body composition 
in adults, and the metabolic changes that accompany the weight-altered 
state, strongly suggest that body mass is somehow regulated by complex 
homeostatic mechanisms.*3~*’ This section reviews the evidence that body 
weight is regulated as well as some of the possible cybernetics of feedback 
loops that may influence energy balance. 


ee ete ee ee ie A ee ee 
Energy Intake 


Feeding behavior in animals is regulated by a complex set of internal and 
external cues that “inform” the organism when to initiate feeding, what 
volume and/or calories to consume, and when to stop feeding. Some in- 
stances of human obesity may be due to primary abnormalities in this 
regulatory system. 

Classically, investigators of central nervous mechanisms regulating feed- 
ing behavior have viewed the brain as having discrete hunger and satiety 
“centers” located respectively in the lateral hypothalamus (LH) and ven- 
tromedial hypothalamus (VMH).*%-°° Signal output from these regions is 
influenced by various neurotransmitters, circulating metabolites, and hor- 
mones.°!~°® Since other brain regions (e.g., the paraventricular nucleus 
and hindbrain), as well as widely distributed fiber tracts, also influence 
feeding behavior,?’-”° these hypothalamic areas are more accurately 
viewed as components of central hunger and satiety ‘‘systems”’ that regu- 
late feeding behavior via an interplay of central and peripheral pathways 
(Table 1). 

Numerous other modulators of feeding behavior have been identified, 
including thalamic opiate and nonopiate reward systems,”° central and 
hepatic glucoreceptors,’© ’” and various gut peptides (Table 2).”® Affer- 
ents to central feeding control regions consist of active or permissive 
neurosensory (smell), metabolic (cholecystokinin), and hormonal (insu- 
lin, glucose, etc.) cues.°° 77-1 The efferent pathways from these areas 
include vagal and sympathetic nerve tracts as well as various neuroen- 
docrine axes, such as those controlling the thyroid and adrenal 
glands. *” These systems, in turn, influence glucose utilization, insulin re- 
lease, thermogenesis, and other energy homeostatic mechanisms includ- 
ing food intake.4? 1°’-1!4 

Pharmacologic, surgical, and electrophysiologic studies of these systems 
have raised important issues regarding feeding behavior and body weight 
regulation. Some investigators have suggested that lesions of (or in the 
regions of) the VMH or LH alter a “set point” for body weight. The set 
point for body weight is a theoretical construct that may be operationally 
defined as that body weight or composition that the organism “‘defends”’ 
by varying ingestive behavior or systemic metabolic efficiency (or both) 
over long periods of time.*!> 117 Alternatively, others have proposed that 
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TABLE 2. 

The Effect of Different Agents on Food Intake* 

Agents Increasing Agents Decreasing 

Food Intake Food Intake 

Urine from hyperphagic animals Urine from anorexic animals®° 
Nonmetabolisable glucose analogs?) ” Blood from satiated animals® 
Insulin®® %4 Glucose and glycerol”® ®: 93: 100 
Androgens Insulin“ 

Glucocorticoids? 1°° Estrogens’? 

Caffeine” Prostaglandins’*» 1° 
Barbiturates© Cholecystokinin’ 7° § 


5-Hydroxytryptophan antagonists® Amphetamines”? 


Norepinephrine and epinephrine (a-effects)** °° 5-Hydroxytryptophan”” 


Opiate agonists*° °”: Norepinephrine and epinephrine 
Neuroleptics® ©: (B-effects)> °° 
Neuropeptide Y?” 78 Naloxone’*: 88 
Clonidine?™ Serotonin® 7: 7° 
Atropine”? 
Somatostatin’™ 
Glucagon?® 7° 


*Note that insulin, norepinephrine, and epinephrine can stimulate or inhibit feeding behavior. 
Insulin may be secreted in response to various food cues and may then directly or indirectly 
facilitate the initiation of feeding. The rise in circulating insulin levels that occurs following 
nutrient ingestion may promote the termination of feeding. The mixed a- and B-adrenergic 
activity of norepinephrine and epinephrine influences signals in tracts to the VMH as well as 
the LH and can also be involved in both meal initiation and termination. It is clear that there 
is no single pathway or neurotransmitter that regulates feeding behavior. It is, instead, a 
complex interplay of many systems. 





the effects of such brain lesions on body mass are due to changes in 
the activity of neural outflow tracts, such as vagally mediated insulin re- 
lease®’®: 118, 119 or sensitivity to aversive as well as pleasant external and 
internal stimuli.!2°-173 The latter hypotheses do not require that the organ- 
ism receive central inputs regarding body mass or possess any type of 
internal set point (see section on energy expenditure for further discussion 
of set-point theories). 

Bray'”* has hypothesized that the intake and metabolism of carbohy- 
drates, proteins, and fats may each be regulated by nutrient-specific feed- 
back mechanisms. Drewnowski et al.!?° measured taste sensitivity and 
preference for sweetness, lipid content, and creaminess in food in obese, 
reduced-obese, and never-obese subjects. They found that ability to detect 
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the relative composition of different formulas was equal in all subject 
groups. However, the obese individuals exhibited a greater taste prefer- 
ence for foods with higher fat content (34% lipid, 5% sucrose) than lean 
controls (20% lipid, 10% sucrose). Reduced obese subjects exhibited a 
greater taste preference for fattier foods (35% lipid) than lean controls and 
for sweeter foods (10.1% sucrose) than obese subjects. The authors hy- 
pothesize that sensory preference for dietary fats and sugars is influenced 
by body weight status. These data also suggest that the formerly obese 
individual retains a preference for calorically dense fatty foods, even when 
obesity is no longer present. 

Obese infants have been reported to consume significantly more swee- 
tened formula than lean infants, which is in agreement with the hypothesis 
that obese individuals are more sensitive to pleasant external stimuli. }26 
Aagras et al.’*” conducted a 2-year prospective study of infant adiposity and 
feeding patterns. In a cohort of 99 infants, they found that approximately 
23% of the variance in BMI at age 2 years was attributable to the fre- 
quency of feeding and vigor of sucking style at age 2 weeks. These find- 
ings are consonant with the observations that older children!28 and 
adults!2? who are overweight tend to eat more rapidly and chew their 
food less than lean peers. The existence of different sucking styles at 
an early age suggests that some aspects of feeding behavior may be 
inherited. 


Energy Expenditure 


Though AT represents a significant proportion of body mass (as much 
as 70% in an obese individual as compared with 15% to 30% in the 
average nonobese adult), it utilizes relatively little energy (approximately 
3% of total resting energy expenditure). LBM includes all energy-con- 
suming tissues (mainly brain, liver, kidney, and muscle), including the 
small fraction of adipocyte cellular mass that consumes energy. Two in- 
dividuals of the same body mass but different body composition may 
differ substantially in resting energy requirements. Accordingly, caloric 
intake and energy expenditure are better expressed per unit of energy- 
consuming tissue, i.e, LBM. Adults gain about 0.3 kg of LBM (pre- 
dominantly muscle) per kg of weight gained in AT. In other words, the 
cero of an obese person is approximately 75% fat and 25% 

Energy expenditure consists of voluntary and obligatory components. 
Physical activity accounts for only about 10% of total energy utilization in 
the average adult.18}) 192 Obligatory energy expenditure can be subdivided 
into metabolism, which occurs in response to environmental stimuli (such 
as the work of digestion or maintenance of body temperature), and the 
resting metabolic rate (RMR), which reflects primarily the work of cardiac 
and respiratory muscles, maintaining transmembrane ion gradients, and of 
protein turnover. 
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Some investigators have suggested that there is a third compartment to 
systemic energy expenditure, constituted by metabolic fuel cycles that con- 
sume adenosine triphosphate (ATP) without performing useful biochemical 
work and thereby “‘waste”’ the potential energy stored within the chemical 
bonds of these substrates. Examples include the simultaneous processes of 
lipolysis and triglyceride synthesis that occur in AT (see section on regula- 
tion of lipolysis and lipogenesis), glycolysis-gluconeogenesis in liver, and 
fatty acid oxidation in brown AT (see section on function of adipose tis- 
sue).‘$3-185 Though the activation of such cycles (perhaps by increased 
sympathetic nervous system activity) may contribute to the hypermetabol- 
ism encountered in severe stress states, such as burns, °° their role in nor- 
mal metabolic homeostasis is, as yet, unclear.'%’ There has been justified 
skepticism regarding the contribution of hypoactivity of such cycles to 
obesity in humans. °° 

Studies in both human and animal subjects have demonstrated that total 
energy expenditure declines and rises more quickly during periods of un- 
dernutrition and overnutrition, respectively than would be predicted from 
changes in caloric intake or LBM. 139-1 3 The changes in energy utiliza- 
tion observed during experimental alterations of body weight suggest that 
substrate is directed toward or away from metabolic processes of varying 
efficiency and/or cost depending on body weight and nutrient supply. 

The major systemic regulators of the relative activities of these cellular 
systems in humans are triiodothyronine (T3) and sympathetic autonomic 
activity. Bete Peripheral conversion of thyroxine (T4) to T3 increases in 
response to increased caloric intake and diminishes with weight loss. 
The resultant changes in metabolic efficiency oppose changes in body 
weight. !4°-1%? Catecholaminergic activity relevant to energy homeostasis is 
more difficult to assess since its major vector is local release of norepineph- 
rine at nerve terminals. Activity at this level may not be well reflected in 
serum catecholamine levels. However, studies in animals of overall sym- 
pathetic nervous system activity (as measured by local catecholamine turn- 
over) have documented a direct correlation with weight change and/or 
caloric intake.14# 1°° 191 

There has, to date, been no demonstration of a novel derangement of 
metabolic efficiency that regularly causes obesity. In fact, mean basal en- 
ergy requirements (expressed per sq m of body surface area or per unit of 
LBM) are not significantly different between groups of lean and obese sub- 
jects.*© 131, 152-1S° Though diminished exercise capacity may accompany 
obesity, lack of physical exercise does not necessarily result in obes- 
ie 157 9 significant number of calories are probably expended in such 
activities as pacing, fidgeting, etc. However, there are few reliable studies 
quantifying differences in such activities between lean and obese subjects. 
Even a small difference in average daily caloric expenditure would, over 
time, cause significant alterations in body mass if caloric intake were held 
constant. 

Leibel and Hirsch*© found that following weight reduction, formerly 
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obese subjects demonstrated 24-hour weight maintenance energy require- 
ments well below those attributable to decreased body size. Dore et al.1°8 
detected no difference in RMR between weight-reduced females and nor- 
mal weight-control subjects. The seeming discrepancy between studies 
demonstrating a decrease in total energy requirements following weight 
loss and no change in RMR may reflect changes in activities such as fidg- 
eting, pacing, etc., which are not included in RMR but may be a significant 
fraction of total energy expenditure. Other studies of energy homeostasis 
following weight loss have suggested that the high rate of recidivism 
among the obese may be due to an inability to reduce intake in proportion 
to the decrease in energy expenditure associated with weight loss. /°” 

Studies of obese adults with a history of familial or juvenile onset obesi 
have reported decreased thermogenesis following glucose infusion!°?“! 
or meal ingestion.’ '©° Some investigators have reported that impaired 
meal- or norepinephrine-induced systemic oxygen consumption do not 
normalize following weight loss in obese subjects.'°” 1° The persistence of 
impaired thermogenesis implies that this defect may be a predisposing fac- 
tor for obesity rather than a correlative of excess adiposity. However, other 
investigators have not found such discrepancies in thermogenic response 
between obese and lean subjects.!©”-!7! The discordance among these re- 
ports is probably due more to methodologic than biologic differences. 
Nonetheless, obesity is clearly a disorder of heterogeneous etiology, and it 
seems likely that it does, in some instances, reflect subtle interindividual 
differences in metabolic efficiency. 

The relative decrease in energy requirements of the reduced-obese may 
reflect changes in various energy homeostatic mechanisms acting to return 
such individuals to a set point for adiposity that is higher in obese than in 
lean individuals.'!° The persistence of a tendency to gain weight and the 
need to restrict caloric intake even in the long-term reduced obese,*° sug- 
gest that the set point is not readily changeable. In this sense, obesity may 
represent a physiologic “‘correction’’ for a prior imbalance between energy 
intake and expenditure. 

In summary, the obese individual has necessarily ingested an excess of 
nutrient energy relative to energy expenditure to reach a state of excess 
adiposity. It is not clear whether the obesity reflects an increased drive to 
consume calories (or calorically dense foods) or if a primary decrease in 
energy expenditure precedes the development of obesity. Obesity is a 
highly heterogeneous disorder and the relative contributions of energy in- 
take and utilization to its onset and maintenance must be assessed on an 
individual basis. Certain data regarding the long-term constancy of body 
fat content and the metabolic characteristics of LH-lesioned animals!”2 are 
consistent with, but not conclusively demonstrative of, a set point for body 
fat content. Cogent arguments can be made against the relevance of the 
set point concept to human obesity./%° To the extent that it is relevant, this 
construct assumes that there is some central mechanism of assessing adi- 
posity and that there are outflow tracts from this central “‘ponderostat” that 
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influence feeding behavior and/or energy homeostatic mechanisms. ‘“Nor- 
mal” body composition, in this context, is that at which counterregulatory 
signals are minimal. 


Biochemistry and Development of Adipose Tissue 


Obesity may be due to an increase in adipocyte size (hypertrophy) and/or 
number (hyperplasia).!”2 174 In the moderately obese patient, adipocyte 
hypertrophy may be the only morphologic change noted in adipose tissue, 
but as the severity of obesity increases, so does the likelihood of adipocyte 
hyperplasia.!”° Hirsch and Batchelor!’ noted that there was little differ- 
ence in adipocyte volume between the moderately obese (170% to 240% 
of ideal body weight) and the ‘‘superobese” (>240% ideal body weight) 
and suggested that in humans there may be a maximal adipocyte lipid 
content of approximately 1.0 «g/cell. Once this cell is reached, any further 
increase in AT mass must include recruitment of new adipocytes. There 
are no reports of purely hyperplastic obesity in humans, except for the 
formerly hypertrophic-hyperplastic obese individual who has lost an 
amount of adipocyte lipid sufficient to return previously hypertrophic cells 
to a “normal” volume. Once adipocyte hyperplasia has occurred, it is ap- 
parently irreversible. While lipid content of the unilocular adipocyte ap- 
pears to be highly mutable, and may be normalized by weight loss in 
obese subjects, there is no clinical or experimental evidence that adipocyte 
number decreases. Reduced-obese patients who have maintained a nor- 
mal body weight for many years have just as many adipocytes as they did 
when they were obese,’”* even though this number may be three times 
that of never-obese patients. !7” 





Development of Adipose Tissue 


White AT (WAT) is of mesenchymal origin and is first detectable as mature 
cells in the human fetus at approximately 15 weeks of gestation. Adipocyte 
size and number continue to increase throughout gestation, achieving 
maximal growth rates at about the 30th week.'”? Analysis of the lipid con- 
tent of adipocytes at different gestational ages'”® '”? reveals that the ratio 
of saturated to unsaturated fatty acids of depot fat in the very premature 
infant (<750 gm) is similar to that in maternal fat stores. During the third 
trimester, there is a 12-fold increase in total body fat (as compared to a 
three-fold increase in body weight)'®° and an increase in the relative pro- 
portion of saturated free fatty acids. Saturated fatty acids can be of dietary 
origin or synthesized from carbohydrates in the liver (unlike polyunsatu- 
rated fatty acids, which are primarily of dietary origin). Since the compo- 
sition of circulating maternal fatty acids does not change significantly dur- 
ing the last trimester of pregnancy, these fetal saturated fatty acids arise 
predominantly as a result of fetal intrahepatic lipogenesis from glucose or 
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other carbohydrates. This suggests that early gestational adiposity is pri- 
marily due to passive transfer of maternal fatty acids, while the bulk of 
newborn AT is derived from intrafetal carbohydrate metabolism and is, 
therefore, more regulated by fetal than maternal metabolism. That the size 
of the carbohydrate load that is available to the fetus may influence fat 
accretion is apparent in the macrosomic infant of the diabetic mother (see 
section on environment). 

AT accounts for 15% to 30% of the body weight of most adults, though 
this figure may be substantially reduced in athletes or increased in obese 
individuals. The percentage body fat of premature or low-birth weight in- 
fants may be as low as 3%. Normally, during the last trimester of preg- 
nancy, fetal body fat content increases from 3% to 5% to approximately 
12% to 15% of body mass at birth.’” During the first year of life percent 
body fat increases to approximately 18% in males and 19% in females, 
but after age 1 year remains relatively constant until puberty. !®1-!®° During 
the pubertal growth spurt, the relative fat content of boys decreases slightly 
to an average of approximately 17% while the percentage body fat of girls 
increases to an average of 26%. !90 184-187 

Most AT growth during the first 6 months of extrauterine life appears to 
be via fat cell enlargement rather than hyperplasia. After age 2 years, there 
is little further increase in adipocyte volume in the nonobese child. It is 
generally agreed, however, that fat cell number continues to increase 
slowly until a peripubertal adipose growth spurt occurs. !%* 18° Knittle et 
al.'?° performed one-time measures of adipocyte size and number in 178 
nonobese and 110 obese children ranging in age from 4 months to 19 
years. They obtained follow-up data on 132 of their subjects. They con- 
cluded that from 6 months to 1 year of age, increases in fat depot size are 
predominantly due to increases in adipocyte volume rather than number. 
They found no significant increase in adipocyte number from ages 2 to 10 
years and no significant increase in adipocyte volume from ages 2 to 14 
in nonobese subjects. However, in obese subjects, there was continual adi- 
pocyte hyperplasia at a time when adipocyte number was relatively 
stable in nonobese individuals. These data are consistent with the con- 
cept (discussed later) that the achievement of a critical adipocyte vol- 
ume triggers adipocyte hyperplasia. The exact point—relative to pu- 
berty—at which adult adipocyte size and number are achieved remains 
unclear. 

While there does appear to be a maximal adipocyte volume, there is no 
evidence that there is a maximal adipocyte number in humans at any age. 
The seemingly limitless potential for adipocyte hyperplasia suggests that 


1. There may be a pool of cells (“‘preadipocytes’’) that are genetically 
programmed to differentiate into adipocytes under the right condi- 
tions. Such cells would be indistinguishable from a mesenchymal cell 
type unless stimulated to complete differentiation, and/or 

2. New adipocytes may be formed throughout life by mitosis of existing 
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adipocytes. Since the mature adipocyte appears to be incapable of 
mitosis, the first possibility seems the more likely explanation. !7! 


It is unlikely that preadipocytes are fully differentiated but empty fat 
cells, since both biochemical and autoradiographic studies of rat fat cells 
have demonstrated that while very small adipocytes exist, they are not the 
primary source of apparent “new” cells in hyperplastic adipose tis- 

191, 192 : : f Z 
sue. Several investigators have proposed that preadipocytes arise 
from pericytes of the capillary endothelium.'?*!?° The observation that 
newly formed, rapidly growing adipocytes are found near large capillaries, 
while more mature and stable cells are closest to smaller vessels suggests 
that patterns of vascular development are somehow related to AT 
growth. !92 

Regional differences in blood flow to various AT depots may be impor- 
tant in determining rates of lipid deposition in existing adipocytes.1?° The 
observation in animals and humans that AT blood flow per cell remains 
constant despite marked changes in cell volume related to age, diet, or 
body weight supports a possible role of blood supply in the regulation of 
adipocyte number.’*’ This regulation may take the form of substrate sup- 
ply, removal of lipolytic products, or delivery of metabolic signals regulat- 
ing adipocyte differentiation and lipid content.!© 19° 19? Prinz et al.2 
have reported that hyperinsulinemia due to insulin infusion is associated 
with a decrease in AT blood flow (as is triglyceride infusion or meal inges- 
tion) in rats. Such regulation of blood flow in response to insulin or other 
signals may serve to regulate adipocyte size and number by “‘protecting”’ 
existing adipocytes and preadipocytes from nutrient excess and mutogenic 
effects of insulin. 

It is not known exactly what factors induce further differentiation of 
preadipocytes or if there are any means of distinguishing which cells have 
the potential to differentiate further. Even isolated cloned cell lines of prea- 
dipocytes show only a 40% to 90% rate of conversion to mature adipo- 
cytes in culture. The factors regulating this in vitro differentiation of prea- 
dipocytes appear to reflect both the previous and current milieu of the 
individual cells. Preadipocytes initially appear identical to normal fibro- 
blasts with essentially no detectable lipogenic or lipolytic activity. In culture 
medium, cells will continue to divide but not differentiate until growth ar- 
rest occurs. This is usually caused by confluence of cells, i.e., the complete 
covering of the culture plate with preadipocytes. Once this has occurred, 
some of the cells will continue to divide and also to differentiate until col- 
onies of mature adipocytes with a full complement of lipolytic and lipo- 
genic enzymes exist on the plate. These colonies are separated by patches 
of undifferentiated preadipocytes. If, however, these remaining preadipo- 
cytes are given a stimulus to mitose further, e.g., by creating space around 
them, they will also differentiate.?°’ Both the rate and frequency of prea- 
dipocyte conversion to mature adipocytes can be enhanced by incubation 
with insulin2©? and T3.7°° Certain classes of prostaglandins seem to inhibit 
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differentiation of preadipocytes.?°* Recent advances in molecular biology 
and techniques of gene cloning have made it possible to identify many 
proteins (most as yet uncharacterized) that are sequentially expressed dur- 
ing adipocyte differentiation and that may be involved in the initiation and/ 
or termination of this process.2° 7° 

Given the seemingly limited potential for adipocyte hypertrophy, some 
authors have speculated that, in vivo, a signal generated by hypertrophied 
adipocytes may induce the further differentiation of preadipo- 
cytes, 17? 207, 208 "The induction of new adipocytes would serve to reduce 
the lipid content per cell, with a corresponding reduction in the adipocyte 
“induction signal.” 





Function of Adipose Tissue 


The major function of AT is to provide stored chemical energy that may 
be utilized at times of limited food intake. The nonpolar, hydrophobic, and 
caloricaliy dense triglyceride molecule, which constitutes over 90% of the 
mass of AT, is well suited to this purpose. The energy content of different 
tissues are summarized in Table 3. From a structural standpoint, AT also 
provides thermal insulation and mechanical protection of underlying tis- 
sues. Adipocytes also function as storage depots for various steroids and, 
for example play an active role in the aromatization of androstenedione 
to estrone,20% 21 The role of AT in steroid storage and metabolism may 
contribute to the apparent requirement of a minimal AT mass for normal 
menses and the apparent relationship between adiposity and menarche in 
females.” 

In addition to the WAT described earlier, some mammals also have 








TABLE 3. 
Energy-Storage Sites in a 70-kg Man* 
Fuel Tissue Grams kcal 
Triglyceride Adipose 15,000 105,000 
Glycogen Liver 70 280 
Muscle 120 480 
Glucose Body fluids 20 80 
Protein Muscle 6,000 25,000 


*From Leibel L, Berry EM, Hirsch J: Biochemistry and de- 
velopment of adipose tissue in man, in Conn HL, DeFelice 
EA, Kuo P (eds): Health and Obesity. New York, Raven 
Press, 1983. Used by permission. 
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brown adipose tissue (BAT). The color of this tissue is due to the cycto- 
chrome pigments of its densely packed mitochondria. This tissue is located 
mainly in the mediastinal, intrascapular, axillary, and perirenal regions,7? 
Unlike WAT, BAT is probably of neuroectodermal origin?!” and has a very 
rich sympathetic nerve and vascular supply.7!3 ?!4 The major function of 
BAT appears to be thermogenesis, i.e., the conversion of the chemical 
energy of the fatty acids of its stored triglycerides directly into heat. This is 
achieved by the facultative invocation of a mitochondrial pathway that 
does not permit the formation of high-energy phosphate bonds as ATP.?!® 
The uncoupling of BAT mitochondrial substrate oxidation from ATP pro- 
duction appears to be regulated by a 32-kD protein in the inner mitochon- 
drial membrane. This protein, which has been called thermogenin, uncou- 
pling protein, and GDP-binding protein, has been demonstrated in the 
BAT of animals and human infants, but appears to be absent in WAT, 
liver, and muscle.7!®7!8 In vitro activation of this protein occurs via dis- 
placement of a “blocking” purine nucleotide and allows protons to de- 
scend an energy gradient across the BAT inner mitochondrial membrane, 
without “capturing” the resultant energy as ATP.7!> 271% 229 In addition to 
BAT’s role in body temperature homeostasis (e.g., arousal from hiberna- 
tion), it constitutes a potential metabolic buffer against fat accretion sec- 
ondary to overfeeding. By converting excess calories to heat rather than 
lipid stores, it could play an active role in body weight regulation. !*° 22 
BAT contributes to nonshivering thermogenesis in the human 
neonate!” *”2 and it has been suggested that a defect in BAT may be 
responsible for some instances of human obesity.!®: 1° 212; 223 However, 
there is currently little evidence to support the hypothesis that BAT plays 
a substantive role in energy homeostasis in the adult human.?”* (This sub- 
ject is extensively discussed by Trayhurn et al.)?° 


Regulation of Lipolysis and Lipogenesis 


In WAT, triglycerides are simultaneously synthesized (lipogenesis) and bro- 
ken down into their constituent free fatty acids and glycerol (lipolysis). The 
relative activity of these processes determines whether there is a net in- 
crease or depletion of lipid within the individual adipocyte, as well as total 
and regional intraadipocyte lipid stores. The fundamental biochemical pro- 
cesses underlying lipolysis and lipogenesis are shown in Figure 1. A num- 
ber of points should be emphasized. 


1. The rate-limiting step in the storage of dietary fats (i.e., those trans- 
ported to AT as chylomicrons) is dependent on the activity of the 
enzyme lipoprotein lipase (LPL). Both chylomicrons and very low- 
density lipoproteins (VLDL) contain apoprotein C-II, which is a spe- 
cific activator of LPL.?2° Lipoproteins can also be hydrolyzed by he- 
patic, cardiac muscle, or skeletal muscle lipases to release free fatty 
acids. These free fatty acids then circulate bound to albumin and can 
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enter the adipocyte, probably via a specific free fatty acid carrier pro- 
tein, and be used in lipogenesis. 

2. Lipolysis of stored triglycerides is dependent upon the activation of 
hormone sensitive lipase (HSL). This enzyme is under reciprocal reg- 
ulation by processes tending to phosphorylate its regulatory site (by 
activating the adenylate cyclase — cAMP = protein kinase ‘“‘cas- 
cade”’) or to dephosphorylate this site. Therefore, agents which favor 
adenylate cyclase formation, such as B-adrenergic agonists, will in- 
crease lipolysis while agents which inhibit cyclase production, such as 
a-adrenergic agonists and adenosine, are anti-lipolytic. Insulin’s anti- 
lipolytic action may be primarily via its activation of a phosphatase 
(which dephosphorylates HSL) rather than inhibition of cAMP accu- 
mulation.*78 

3. There are both lipolytic and antilipolytic pathways that depend upon 
apes of membrane stimulatory or inhibitory ‘“‘N’ proteins respec- 
tively. 


Catecholamine-responsive processes may be major means by which 
body weight and energy expenditure are regulated.1”? 229-5? Since adi- 
pocytes are sensitive to both B- (lipolytic) and a2- (antilipolytic) adrenergic 
stimulation, the relative degree of activation of these opposing systems can 


FIG 1. 

The biochemistry of lipogenesis and lipolysis. Lipogenesis and lipolysis occur si- 
multaneously. Circulating triglycerides are derived from dietary fats and from fats 
which are synthesized in the liver. Triglycerides are packaged into lipoproteins that 
serve as circulating transport micelles. Dietary fats circulate as triglycerides in chy- 
lomicron lipoproteins, while triglycerides synthesized in the liver circulate as con- 
stituents of very low density lipoproteins (VLDL). Lipoprotein lipase (LPL) hydro- 
lyzes the triglyceride (TG) within these molecules, releasing free fatty acids (FFA) 
and glycerol. FFA may be returned to the circulation or transported into the adi- 
pocyte and esterified to glucose-derived glycerol-phosphate (glycerol-(P)). 
The triglyceride is then stored in the adipocyte’s large lipid storage droplet. Lipol- 
ysis depends ultimately upon the activation of intracellular hormone sensitive lipase 
(see Figure 2). FFA released by lipolysis may be reesterified, or returned to the 
circulation as albumin-bound FFA. The relative rates of reesterification and FFA 
release into the circulation depend upon the availability of glucose (for glyceride- 
glycerol synthesis) as well as local factors such as blood flow. Glycerol that is re- 
leased from hydrolysis of either lipoprotein or adipocyte triglycerides must be con- 
verted to glycerol-phosphate by hepatic glycerol kinase before it can be reutilized 
in de novo lipogenesis. (Human adipose tissue does not contain functionally sig- 
nificant amounts of glyercol kinase.) The relative rates of lipolysis and lipogenesis 
determine whether there is net storage or depletion of lipid within an adipocyte. 
MG = monoglyceride; DG = diglyceride; PPi = inorganic phosphate, CoASH = 
Coenzyme A. (From Leibel RL, Berry EM, Hirsch J: Biochemistry and develop- 
ment of adipose tissue in man, in Conn HL dr, DeFelice EA, Kuo P (eds): Health 
and Obesity. New York, Raven Press, 1983. Used by permission.) 
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direct cellular machinery toward fat storage or lipolysis.2°) 73° 754 The 


mechanisms by which these opposing systems operate are illustrated in 
Figure 2. Epinephrine and norepinephrine are the major regulators of adi- 
pocyte a- and B-adrenergic activity. Epinephrine is an adrenal hormone 
that is released directly into the venous circulation. Norepinephrine is re- 
leased at nerve terminals and therefore has predominantly local rather 
than systemic effects.‘4* ?°° Epinephrine and norepinephrine are both 
“mixed” adrenergic agonists and can inhibit or stimulate lipolysis depend- 
ing upon the tissue’s relative responsiveness to a- and B-adrenergic stimuli. 
Comparisons of the in vitro effects of adrenergic agents on lipolysis in AT 
from different fat depots have suggested that abdominal AT is relatively 
more responsive to B,-activation than gluteal or thigh fat.2°°-?35 Leibel and 
Hirsch?°? quantified the relative responsiveness of adipocytes to a- and B- 
adrenergic stimulation in abdominal and gluteal subcutaneous AT depots 
in weight-stable obese men and women. They found a relative preponder- 
ance of a2- (antilipolytic) activity in the gluteal depot and of 8;- (lipolytic) 
activity in the abdominal depot in both sexes. Between sexes, women had 
less a-antilipolytic activity than men in the abdominal fat depot. These 
data suggest that differences in adrenergic responsiveness may be respon- 
sible for the relative ease of weight loss from specific anatomic sites as well 
as for sex-related differences in AT distribution. 

Adenosine and insulin are also important regulators of the relative rates 
of lipolysis and lipogenesis. Adenosine may exert a tonic antilipolytic effect 
on adipocytes.?*° “4! Adenosine is released spontaneously by fat cells 
(e.g., from catabolism of cAMP) and may be part of a “‘short-loop” regu- 
latory system at the adipocyte level. Insulin stimulates lipogenesis by in- 
ducing LPL and enhancing the uptake of glucose into the adipocyte and 
its conversion to glycerol. Insulin also diminishes lipolysis by inhibiting 
HSL. 

The adipocytes of children and adults respond differently to in vitro li- 
pogenic and lipolytic stimuli. Taniguchi et al.24? studied basal and insulih- 
stimulated conversion of glucose to lipid in adipocytes of different sizes 
from 20 subjects aged 3 months to 67 years. The basal and insulin-stimu- 
lated rates of glucose to lipid conversion were higher in subjects who were 
still growing, even when corrected for differences due to variability of fat 
cell size. Marcus et al.7*? measured in vitro rates of catecholamine-stimu- 
lated lipolysis and antilipolysis in adipose tissue from 36 infants and 12 
adults. a-Adrenergic stimulated antilipolysis was significantly greater in in- 
fants than adults. On the basis of these two studies, it appears that the AT 
of infants and children is more responsive to lipogenic and antilipolytic 
stimuli than that of adults. This combination of metabolic characteristics 
would tend to favor fat accretion in the child. 

Despite our increasing understanding of the controls of lipogenesis and 
lipolysis in AT, the reader should not lose sight of the fact that net systemic 
energy balance, and not local regulation of adipocyte metabolism, dictates 
whether there will be a net change in AT mass. 
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Role in Energy Homeostasis 


As emphasized earlier, the quantity of lipid stored in AT at a specific mo- 
ment in time represents an integrated reflection of net energy balance up 
to that point. A critical issue with regard to the physiology of the regulation 
of lipid stores is whether AT itself somehow participates in the control of 
its own mass. In analogy with electrical circuitry, AT may simply be “in 
parallel” with systems subserving the control of energy intake and output. 
That is, AT mass may be a passive reflection of these processes and not 
participate in their regulation. Alternatively, AT (or some correlative such 
as adipocyte volume) may be ‘“‘in series” with these control systems, some- 
how interacting with them to modulate energy intake and/or output. 

The mechanisms by which such feedback from AT might occur remain 
unclear. Adipocytes might actively generate signals in the form of hor- 
mones or might influence the plasma concentration of other potential mes- 
sengers such as glucose, insulin, glycerol, and/or free fatty acids.2“4 Such 
a “‘lipostatic system’’ would provide a means of regulating body weight by 
providing information to central systems regarding the time-integrated nu- 
tritional status of the organism (as reflected in fat stores). These systems 
(e.g., in brain and/or liver) might then act accordingly to alter feeding be- 
havior or metabolic efficiency to maintain a specific adipocyte vol- 
ume. 79 223; 245, 246 As discussed earlier, there appears to be a maximal 
adipocyte volume that, once attained, either stimulates or disinhibits the 
recruitment and further differentiation of preadipocytes. Some studies in 
rodents suggest that adipocyte volume is ‘“‘sensed’’ by the organism and 
modulates both feeding behavior and energy efficiency.9 2°” 247-24 
These signals might be greater in the hypercellular obese animal because 
there are more fat cells generating putative signals. The observation in 
humans that obese individuals experience the greatest difficulty in adherin 
to dietary restrictions once a “‘subnormal” adipocyte volume is reached*° 
provides indirect evidence that adipocyte volume may influence feeding 
behavior and/or metabolic efficiency in humans. 

In summary, the long-term constancy of body weight and the changes 
in energy expenditure and feeding behavior observed following weight re- 
duction in humans suggest that body weight is somehow regulated. While 
specific disorders of either energy intake or expenditure can be implicated 
in various rodent models of obesity, the problem in humans appears to be 
much more complex. Human obesity undoubtedly represents a subtle in- 
terplay of genetic and environmental determinants of body weight and 
energy homeostatic mechanisms. 


NN a re ngs ee ernie ce ee 
Morbidity 


While some of morbidities related to adiposity may be apparent in child- 
hood, the majority are not evident until later in life. It remains unclear 
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FIG 2. 

Activation of lipogenesis (A) and lipolysis (B). The enzyme lipoprotein lipase (LPL) 
hydrolyzes triglycerides (TG) which are constitutents of lipoproteins to free fatty 
acids (FFA) and glycerol (molar ratio FFA:glycerol = 3:1). The FFA can then be 
returned to the circulation or transported into the adipocyte to be esterified and 
stored as triglyceride. Insulin stimulates almost every step in the process of lipo- 
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whether obesity in childhood constitutes an independent risk factor for adi- 
posity-related morbidity in adulthood, i.e., if morbidity is higher among 
adults who were obese children even if the obesity does not persist. A 
discussion of the morbidity associated with pediatric obesity must include 
both the immediate and long-term sequelae. 





Psychologic Morbidities 


There are few objective studies of the psychologic sequelae of pediatric 
obesity. Stunkard et al.*°"*? reported that body image disturbances, 
characterized by feelings of being loathsome and of being viewed con- 
temptuously by others, are significantly more frequent in obese than non- 
obese adolescents. Though obese preadolescents showed symptoms of the 
same psychiatric disturbances, these symptoms were less severe than in 
subjects who had become obese as adolescents or in those whose pread- 
olescent obesity persisted into adolescence. Others*°*-*°° have also found 
that depression and poor self-esteem are significantly more prevalent in 
obese children than in their lean peers. It should be noted, however, that 
other investigators have not found any differences in ratings of self-esteem 
or body image between obese or lean children.”°°-*°” In fact, Stewart and 
Brook**® found that obese adults were significantly less anxious and de- 
pressed than normal-weight persons. Thus, individuals dealing with obese 
children should avoid jumping to conclusions regarding the psychologic 
impact of obesity in any specific instance. 

Though there is some debate in the literature as to whether there is an 
increased incidence of personality disturbance in the obese child, there is 
no doubt that the obese child is subjected to considerable psychologic 
stress. Many members of modern western societies view obesity as a con- 
sequence of self-indulgence and overgratification. The obese child is gen- 


genesis. Lipolysis depends upon the activation of an adenylate cyclase-dependent 
metabolic “‘cascade”’ that culminates in the phosphorylation of intracellular hor- 
mone sensitive lipase (HSL). HSL hydrolyzes triglycerides to FFA and glycerol. 
Certain molecules favor or inhibit lipolysis by increasing or decreasing the activity 
of adenylate cyclase. Such stimulation or inhibition occurs via binding of specific 
molecules to adipocyte membrane receptors. The activated receptor complex then 
binds to membrane stimulatory (Ns) or inhibitory (Ni) proteins. The Ns protein 
stimulates adenylate cyclase and thereby activates the lipolytic cascade. The Ni 
protein inhibits adenylate cyclase and thus decrease the rate of lipolysis. Norepi- 
nephrine and epinephrine are “mixed’’ agonists, and simultaneously activate both 
B, (lipolytic) and a, (antilipolytic) receptors. ACTH has been shown to promote 
lipolysis in rodent adipocytes but not, as yet, in humans. Adenosine is released by 
adipocytes (as a product of cAMP metabolism) into the pericellular space, and 
probably acts as a tonic inhibitor of lipolysis. Insulin-induced antilipolysis is appar- 
ently mediated by effects distal to adenylate cyclase. * = insulin effect, PDE = 
phosphodiesterase; cAMP = cyclic AMP. 
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erally portrayed in the media as an unattractive, clumsy glutton. Con- 
versely, these same societies laud extreme thinness as an_ ideal.2°? 
Preadolescent children tend to tease and humiliate the obese child while 
adolescents isolate their obese peers from parties and other social rites of 
passage that are important to normal development of peer group and 
male-female relations. Richardson et al.?©° asked children to rate individu- 
als as potential playmates based on questionnaires and photographs and 
reported that a child will choose a playmate with a major physical handi- 
cap or in a wheelchair over one who is obese. Lerner and Gellert?® re- 
ported that even kindergarteners demonstrate negative attitudes toward 
their obese peers. Pugliese et al.2°* described growth failure and delayed 
puberty in 14 children aged 9 to 17 years, none of whom were classified 
as anorectic, due to self-imposed caloric restriction arising from fears of 
becoming obese. 

There is a significant difference in the prevalence of adiposity-related 
personality disorders between adolescent males and females, despite the 
fact that the prevalence of obesity based on BMI is approximately 25% 
among both sexes. Adolescent girls are particularly vulnerable because of 
their self-consciousness regarding physical development. Huenemann et 
al. reported that 50% of high school girls felt that they were overweight 
and 65% expressed a desire to lose weight. Boys, on the other hand, were 
generally satisfied with their weight cr wanted to gain weight. 

Investigators have endeavored to identify specific characteristics of obese 
individuals that correlate with the likelihood of associated psychologic de- 
rangements. Retrospective studies of obese adults have indicated that 
young women of middle or upper socioeconomic status who have been 
obese since childhood appear to be the group most likely to suffer distur- 
bances of body image.*°* The observation that the presence of obesity- 
related psychologic disturbances in adulthood is generally limited to 
those with juvenile-onset obesity implies that childhood is the period of 
greatest risk for the development of adverse psychologic sequelae of obés- 


ity. 


Medical Morbidities 


Obesity adversely affects many organ systems in adults and children. The 
relative risk of hypertension among obese adults (BMI >27.8 for men, 
27.3 for women) aged 20 to 45 years is 5.6 times that of their nonobese 
counterparts. In the same age group, the risks of diabetes and of hyper- 
cholesterolemia (>250 mg/dl fasting) are increased 2.9 and 1.5 times, re- 
spectively.*° 76° It has been demonstrated that insulin promotes sodium 
reabsorption in the distal renal tubule.2©”7 Some authors have suggested 
that adiposity-related hyperinsulinemia may also promote hypertension by 
increasing renal sodium retention, which may then result in an increased 
intravascular volume.?° Other investigators have hypothesized the adipos- 
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ity-related hypertension is due to increased sympathetic nervous system 
activity.2°? James et al.?”° found that normotensive obese women de- 
creased their excretion of urinary catecholamine metabolites during weight 
loss and increased on refeeding. In obese women, however, the decrease 
in urinary catecholamine metabolites during weight loss was not as pro- 
nounced as in lean women, suggesting that obesity may represent a pri- 
mary abnormality of sympathetic nervous system ‘‘responsivity” to internal 
metabolic cues. 

These risk factors for cardiovascular morbidity are further exacerbated 
by the increased cardiovascular demand imposed by obesity.?”1-*’3 Large 
studies of obesity-related mortality?’**”? found significantly higher mortal- 
ity ratios among overweight men and women (defined as 40% above av- 
erage weight for age and sex) for cardiovascular disease, stroke, cancer, 
and digestive disease. Investigators conducting the Framingham study 
found that the overall mortality rate of nonsmoking, overweight (body 
weight >10% above average weight for age and sex) males, aged 30 to 
49 years and clinically free of cardiovascular disease at enrollment, was 
3.9 times higher than in nonsmoking lean males over a 26-year study 

iod.?”* 278 Obese adults have a higher incidence of osteoarthritis and 
and are at risk for other dermatologic and orthopedic prob- 
lems discussed later. 

There is also significant pediatric adiposity-related morbidity. Overweight 
infants suffer a higher incidence of respiratory infections.7°°-**° Pulmonary 
function tests reveal ventilation/perfusion abnormalities that decrease arte- 
rial oxygenation.78”-7° Abnormalities of respiratory muscle function??): 272 
and central respiratory regulation??? can culminate in the Pickwickian syn- 
drome in children or adults. 

Obesity represents the most common cause of hypertension in children. 
Court et al.2”* reported that of 309 children who were classified as obese 
by triceps skinfold thickness >85th percentile, 114 were hypertensive (sys- 
tolic and/or diastolic blood pressure >90th percentile). Other risk factors 
for cardiovascular disease, including hypercholesterolemia, elevated low- 
density lipoproteins, and decreased high-density lipoproteins, correlate 
positively with excess adiposity. In the Muscatine study, among those in 
the highest decile for weight, 17.7%, 24.3%, 28.4%, and 28.6% 
were also in the top decile for plasma concentrations of cholesterol and 
triglycerides, diastolic blood pressure, and systolic blood pressure, respec- 
tively.2”* 298-297 

Obese children and adults are prone to a variety of dermatologic and 
orthopedic problems. Overlapping skinfolds are common sites for intertrigo 
and furunculosis. Obesity is the most common cause of acanthosis nigri- 
cans, a condition characterized by papillomatosis, hyperkeratosis, and hy- 
perpigmentation of the epidermis. The etiology of this disorder remains 
unclear. It is clearly associated with hyperinsulinism and hyperandrogenism 
(HAIR-AN syndrome) and resolves with weight loss.27° 29? Coxa vara, 
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slipped femoral epiphyses, Blount’s disease, and Legg-Calve-Perthé’s dis- 
ease occur with highest frequency in the obese adolescent,2°0-3° 

Immunologic function has been repeatedly studied in obese children. 
Chandra and Kutty*°3 found that while numbers of T- and B-lymphocytes, 
the C3 and C4 components of complement, and serum immunoglobulins 
were all normal in obese adolescents, 38% of the subjects showed an im- 
pairment of cell-mediated immunity and polymorphonuclear leukocyte kill- 
ing capacity. Other studies have reported a decrease in lymphocyte gen- 
eration of migration inhibiting factor and maturation rates of monocytes 
into macrophages.*°* 3° A number of these obese subjects were subse- 
quently found to have subclinical copper and/or zinc deficiency, and their 
immunologic abnormalities resolved once these trace metal deficiencies 
were corrected. 

It is difficult to ascertain whether those morbidities traditionally attributed 
to obesity, such as hypertension, are in fact secondary to excess adiposity 
or merely covariant expressions of underlying predispositions to both dis- 
orders. In addition to possible genetic and physiologic explanations for 
such concordance, Larsson et al.2°° have recently suggested that the an- 
droid AT distribution and its “‘sequelae”’ are due to both aberrant re- 
sponses to environmental stress that result in relative hypercortisolism. 
Some authors have suggested that the normotensive, nondiabetic, mod- 
erately obese adult is somehow protected by elevated serum estrogen lev- 
els, stress adaptation, or some other obesity-related factor from cardiovas- 
cular disease and other morbidities usually attributed to obesityit! e802 
However, these studies generally fail to consider important covariants of 
leanness, such as chronic disease and cigarette smoking, which raise over- 
all mortality rates of the nonobese. 


Risk Factors for Adiposity-Related Morbidity 


Numerous investigators have attempted to quantify the extent to which a 
history of childhood or early adult obesity correlates with the incidence of 
morbidity in later adulthood. Tracking studies of obesity, hypertension, 
and serum lipid values from childhood to adulthood have indicated that 
these variables track well, i.e., that the obese hypertensive hypercholester- 
olemic child is likely to remain so over many years?” 309, 319 The obser- 
vation that hypercholesterolemia, obesity, and other factors associated with 
an increased risk of subsequent cardiovascular disease that are noted in 
childhood tend to persist into adulthood emphasizes the importance of 
routine screening of these variables in children to identify those ar risk for 
subsequent morbidity. In the Framingham study, a strong positive corre- 
lation was found between relative weight of adults at entrance into the 
study and death occurring in any subsequent time interval, independent of 
interim weight changes.°!! These data suggest that the adverse affects of 
obesity are not wholly reversible or that genetic influences on this outcome 
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may cosegregate with genes affecting body weight and may be expressed 
even if obesity is no longer present. Alternatively, obesity, or obesity-re- 
lated metabolic changes, at any time in life may constitute causal elements 
in subsequent morbidity even if the obesity does not persist. 

Another important issue is what factors, if any, in the seemingly healthy 
obese subject may be predictive of later morbidity. Age is clearly important 
in assessing the relative risk of adiposity-related morbidity. The prevalence 
of hypertension among individuals with BMI above the 85th percentile is 
2.1, 5.6, and 2.9 times as great as in corresponding nonobese populations 
at age 20 to 29, 20 to 44, and 45 to 74 years, respectively. The prevalence 
of hypercholesterolemia among overweight adults aged 20 to 44 years is 
2.1 times that of their nonoverweight peers, while there is no difference in 
the prevalence of hypercholesterolemia between obese and nonobese 45- 
to 74-year-olds.® Though these studies failed to distinguish subjects on 
the basis of duration of obesity, they suggest that the older obese individ- 
ual is at a lower risk of adiposity-related morbidity than the younger obese. 
Alternatively, obese people who have survived past the age of 45 may be 
a population selected for their “‘hardiness.”’ 


Adipose Tissue Distribution 


In 1956, Vague*!* first suggested that AT distribution may be better cor- 
related than absolute adiposity with the risk of current or subsequent mor- 
bidity. Since then, a substantial body of epidemiologic and physiologic 
data has supported this hypothesis.2!* '* The predominantly truncal dis- 
tribution of adiposity (android pattern, abdominal/gluteal circumference ra- 
tio >0.90 in females, >1.0 in males) is associated with a higher risk of 
stroke, ischemic heart disease, and overall mortality than the gynecoid pat- 
tern (abdominal/gluteal circumference ratio <0.75 in females, <0.85 in 
males) of fat distribution. An android individual whose BMI is in the lowest 
population tercile appears to be at a greater risk of adiposity-related mor- 
bidity than a gynecoid individual whose weight for height is in the upper 
population tercile.2‘*->"’ These distinctions are based mainly on prospec- 
tive studies of relatively small groups of subjects in Sweden who were 
divided into terciles or quintiles based on BMI, and the abdominal/gluteal 
circumference ratio, and then followed for the incidence of various morbid- 
ities. Larsson et al.21° studied 792 men, all of whom were 54 years old at 
entry into the study, over a 13-year period. The incidence of ischemic 
heart disease and of overall mortality was highest in those in the lowest 
tercile for BMI but the highest tercile for waist to hip ratio, while the risk of 
stroke was highest among men in the highest tercile for both of these 
indices. In a study of 1,462 women?!® (38 to 60 years old at the time of 
entry into the study), the 12-year incidence of myocardial infarction, 
stroke, angina pectoris, and overall mortality showed a significant posi- 
tive correlation with the ratio of waist to' hip circumference. The asso- 
ciation with myocardial infarction was independent of age, BMI, serum 
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cholesterol and triglycerides, and systolic blood pressure. Others?!* 318 
reported significant positive correlations of waist to hip ratio and blood 
pressure and integrated plasma glucose and insulin responses during 
an oral glucose tolerance test in obese and nonobese premenopausal 
women. 

In adults, subscapular skinfold thickness correlates well with abdominal 
circumference while the triceps skinfold correlates with pelvic circumfer- 
ence.*° While such comparisons have not, as yet, been reported in chil- 
dren, studies of skinfold thicknesses in children have suggested associa- 
tions of adipose tissue distribution with morbidity that are similar to those 
seen in adults. Blood pressure varies directly with subscapular skinfold 
thickness in children and adults.2® 33 25-38 Dahlstrom et al.3? examined 
skinfold thicknesses, weight, height, and circulating levels of lipoproteins, 
cholesterol, and insulin in 3,596 Finnish children aged 3 to 18. Subsca- 
pular skinfold thickness correlated significantly with serum insulin levels in 
boys and girls over 6 years of age. Correlations between insulin and triceps 
skinfold thickness were not as strong. The observation that subscapular 
skinfold thickness correlates highly with both morbidity (blood pressure 
and cholesterol) and abdominal circumference (android fat distribution) 
further emphasizes the importance of assessing fat distribution as well as 
absolute fatness. 

Retrospective and prospective studies of childhood and adult adiposity 
indicate that the older an obese child, the greater is the likelihood that the 
obesity will persist into adulthood. Such tracking is independent of dura- 
tion of obesity. The obese adolescent who has been obese for 2 years is 
still at greater risk of adult obesity than the obese 10-year-old who has 
been obese for 8 years.? 31% 320 Charney et al.**! showed that the obese 
infant (less than 2 years old) was 2.33 times more likely to become an 
obese adult. This relative risk increases to 6.3 among _ adolescent 
boysi255i3121822 Prospective studies of skinfold thicknesses have demon- 
strated that the correlation of triceps and subscapular skinfold thickness 
percentiles in childhood and adulthood increase steadily with age. There- 
fore, the adolescent whose subscapular skinfold thickness is above the 
90th percentile is much more likely to become an adult with excessive 
truncal fat than the infant with a similar subscapular skinfold thickness. In 
all age groups, howwever, the greater the percentile rank of triceps or 
subscapular skinfold thickness, the more likely the child is to remain at that 
rank into adulthood.?’ 


a a 


Endocrinology of Pediatric Obesity 


Though many aspects of the endocrine system are affected by obesity, in 
virtually all instances these changes are covariants of body weight or calo- 
ric intake that normalize with weight reduction. In other words, these en- 
docrine changes are generally not causal agents of obesity. 
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Hypothalamic-Pituitary Axis 


Basal serum growth hormone (GH) concentrations, as well as GH release 
in response to hypothalamic stimuli (clonidine, hypoglycemia, etc.) and 
direct somatotroph stimulation (growth hormone releasing hormone, 
GRH), are diminished in obese children and adults.2!® 323-329 Nonethe- 
less, obese children demonstrate accelerated linear growth and advanced 
bone age and maintain normal sensitivity to the lipolytic and calorigenic 
actions of growth hormone.3°-382 Similarly, normal subjects who are ov- 
erfed until they become obese demonstrate diminished basal and stimu- 
lated growth hormone release. 329: 335 The impaired secretion of growth 
hormone in obesity is clearly related to AT excess rather than body size, 
since the effect is fully reversible with weight loss, and subjects of compa- 
rable weight due to increased muscle mass, such as weight lifters, have 
normal GH secretory patterns.°°4-8” 

The mechanisms underlying the diminished GH secretion of obesity re- 
main unclear. Obese individuals do not have an absolute deficiency of 
GH, since responses to provocative stimuli can be further augmented by 
B-receptor blockade or prior administration of T3.9°* 3°? It has been sug- 
gested that the elevated free fatty acid levels of obese subjects may inhibit 
pituitary response to GRH.**°-3"4 However, reduction of circulating free 
fatty acids by administration of nicotinic acid (an antilipolytic agent) fails to 
return basal serum GH concentrations to normal in the obese.°4°-3*? 

The major mechanism by which GH promotes somatic growth is by the 
stimulation of the synthesis of somatomedins (insulin-like growth factors, 
ICFs), which are produced mainly in the liver. Serum concentrations of 
somatomedins in obese children are generally normal or elevated, despite 
concurrent low concentrations of plasma GH.°°° °°? Hepatic synthesis of 
somatomedins is stimulated by insulin as well as GH perfusion,*°° and 
malnourished subjects, who have low serum concentrations of insulin but 
high GH concentrations, also tend to have diminished serum concentra- 
tions of somatomedins. The preceding observations suggest that somato- 
medin production is more dependent upon insulin than GH.°°? The hy- 
perinsulinemia associated with obesity may contribute to the supranormal 
statural growth velocities often seen in the obese child. The negative 
feedback of insulin-provoked somatomedin on the pituitary somato- 
trophs may explain the diminished serum concentration of GH seen in the 
obese.2°*-*57 Additionally, some authors have speculated that the binding 
of somatomedin to its plasma transport protein may be decreased in the 
obese state, creating a larger bioactive pool to promote somatotroph 
suppression and/or somatic growth.°“? Alternatively, insulin itself, which 
has been shown to decrease somatotroph responsiveness to GH releasing 
factor in vitro, may be the mediator of suppressed GH release in obes- 

58, 

GH has an in vitro lipolytic effect on adipocytes that is independent of 

its effect on glucose transport.°°” °°° GH-deficient children usually have an 
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android distribution of fat, i.e., that distribution of fat associated with the 
highest morbidity in adults.°’* The adiposity-related diminution of serum 
GH concentration may thus exacerbate the obese state by promoting a 
more morbid distribution of adipose tissue. 

Prolactin production is also altered in the obese child. Though basal 
serum prolactin concentrations tend to be elevated in these subjects, lac- 
totroph responses to insulin-induced hypoglycemia and thyrotropin-releas- 
ing hormone are significantly diminished.°°!°™ The physiologic mecha- 
nisms underlying these changes in lactotroph response are not known.3?© 
Kolesnick et al.°°° reported that polyunsaturated free fatty acids enhanced 
prolactin release from rat lactotrophs in vitro, suggesting that the increase 
in circulating free fatty acids associated with obesity may also play a role 
in the elevation of prolactin concentrations. 





Adrenal 


Studies of rodents with autosomal recessive genetic obesity, such as the 
ob/ob mouse or Zucker rat, suggest that adrenal steroids play an important 
permissive role in the phenotypic expression of the obese genotype. Phen- 
otypic expression of the obese genotype is impaired, for example, in the 
adrenalectomized ob/ob mouse. While adrenalectomized animals do have 
a higher percentage of body fat than homozygous normal controls, they 
do not become as obese as their nonadrenalectomized peers until excess 
glucocorticoids are provided.*” 124 Glucocorticoids are potent appetite 
stimulants in humans and animals. They may affect expression of an un- 
derlying obese genotype by stimulating or disinhibiting feeding. However, 
even with pair-feeding, adrenalectomized animals fail to gain weight at a 
rate similar to their sham-operated littermates, suggesting that glucocorti- 
coids also affect energy utilization in these genetically obese rodents. 

Glucocorticoid production is increased in obese children,>©? reflecting 
increased LBM, an enlarged intraadipocyte space for steroid storage, ahd 
changes in adrenal steroid metabolism. Plasma cortisol (free and bound), 
circadian rhythms of cortisol secretion, and urinary free cortisol are all nor- 
mal in obese subjects, while there appears to be a slight increase in 24- 
hour integrated serum ACTH concentration.*© 367: 36 The urinary excre- 
tion of 17-hydroxysteroids, which are glucocorticoid metabolites, is normal 
when corrected for the increased LBM that accompanies obesity (see pre- 
vious section on energy intake).°©? The increase in the net excretion of 
urinary glucocorticoid metabolites, in the context of normal serum cortisol 
concentrations, suggests that cortisol turnover is increased. 

The increase in ACTH release also increases sex steroid production by 
the adrenal zona reticularis. Unlike the glucocorticoids, sex steroid produc- 
tion appears to be increased to a greater extent than sex steroid clearance. 
Serum concentrations of adrenal androgens are higher in obese children 
than in their age-matched or Tanner stage-matched lean peers even 
though urinary excretion of 17-ketosteroids (androgen metabolites) is in- 
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creased in obese children and adults when corrected for LBM.°”° The ab- 
normalities in adrenal sex steroid metabolism noted in obese children may 
be largely attributable to increased cortisol turnover. The increased rate of 
cortisol clearance in the obese results in diminished negative feedback on 
pituitary ACTH release. The resulting increase in ACTH stimulates the 
adrenal zona fasiculata until normal cortisol levels are attained. Increased 
ACTH also drives the adrenal zona reticularis to produce more sex ste- 
roids. Since sex steroid clearance is not increased sufficiently in obese in- 
dividuals to accommodate this increased production, there is a net increase 
in circulating adrenal sex steroid concentrations. This phenomenon may 
explain the earlier adrenarche often seen in obese children. By 7 to 9 years 
of age, obese girls may have circulating adrenal androgen concentrations 
equal to those of normal adults. Prepubertal obese boys also demonstrate 
an increase in adrenal androgen production that plateaus in early adoles- 
cence.°7} 

Dehydroepiandrosterone (DHEA) is an adrenal steroid that serves as a 
precursor of adrenal sex steroids. DHEA can be converted in the adrenal 
gland to a weak androgen, DHEA-sulfate, or to etiocholanolones that have 
no sex steroid bioactivity. DHEA metabolism in obese subjects is of special 
interest because administration of exogenous DHEA to animals is accom- 
panied by a marked diminution in rates of fat accretion, i.e., an antiobesity 
effect.3”* 3’3 Genetically obese ob/ob mice and Zucker rats gain weight at 
rates comparable to lean controls during DHEA administration, but rapidly 
become obese when DHEA is discontinued. This effect is not due to di- 
minished food intake and, unlike hypocaloric diets or appetite suppressant 
regimens, is not associated with growth retardation of any other organ 
system. Comparisons of AT cellularity and cell size in different fat depots 
in DHEA-fed versus control Zucker fatty rats have revealed interdepot dif- 
ferences in the inhibition of fat accretion during DHEA administra- 
tion.°”* 374 This observation suggests that DHEA influences fat distribution 
as well as its rate of accretion. As discussed in the section on AT distribu- 
tion, the anatomic distribution of AT in humans is related to current and 
subsequent morbidity. 

Obese human subjects have elevated serum concentrations of DHEA. 
These could reflect changes in DHEA synthesis, storage, or clearance. 
There appears to be an increased intraadipocyte storage pool of DHEA in 
obese subjects. Interestingly, these same obese subjects demonstrate a de- 
crease in intraadipocyte storage of DHEA-sulfate. These data suggest that 
there is an increased uptake of DHEA by AT in the obese and a decrease 
in peripheral conversion of DHEA to its sulfated metabolite.°’°°’” The 
mechanisms underlying the antiobesity effects of DHEA remain unclear. 
The antiobesity effects of DHEA in rats can be mimicked by administration 
of DHEA-sulfate or etiocholanolone (the DHEA metabolites without an- 
drogenic activity), but not by administration of androstenedione or other 
sex steroids. As discussed earlier, corticosteroids appear to play a permis- 
sive role in the expression of the obese genotype in various animal models 
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of obesity and are also potent stimulants of appetite. Theoretically, DHEA 
may somehow alter corticosteroid responsiveness of either energy intake 
or output systems, though it has been noted that the antiobesity effects of 
DHEA are independent of food intake. Alternatively, DHEA may increase 
energy output by promoting activity of some energy-costly metabolic pro- 
cess. While various possible energy-wasting pathways have been proposed 
as the site of DHEA action, stimulation of these proposed pathways with 
agents other than DHEA has failed to mimic the antiobesity effects of 
DHEA.?78-38° Further work is clearly needed to elucidate DHEA’s role in 
energy homeostasis and its potential use, if any, in the treatment of obes- 
ity. 

Thyroid 

Because obesity may be a manifestation of hypothyroidism, and because 
of the central role of thyroid hormone in energy homeostasis (see previous 
section on energy expenditure), thyroid hormones have been extensively 
evaluated in the obese. Obese children have mildly elevated serum con- 
centrations of T3, probably reflecting an increased rate of peripheral syn- 
thesis from T,. Baseline Ty and reverse T3 concentrations are normal, but 
T, release in response to thyroid-stimulating hormone (TSH) is significantly 
diminished.**! Bray et al.°® hypothesize that there is some obesity-related 
factor that stimulates the thyroid gland while inhibiting its responsiveness 
to TSH. Obese subjects may also be somewhat resistant to the actions of 
thyroid hormone.**? This suggestion is supported by the finding that obese 
subjects appear to have decreased concentrations of T3 receptors in solu- 
bilized nuclei of circulating monocytes,?** and prolonged recovery of the 
Achilles tendon reflex.2%° *°° All of these changes are fully reversible with 


weight loss and can be mimicked by overfeeding the normal-weight sub- 
ject, 146 147 


Endocrine Pancreas 


As discussed in the section on energy intake, the pancreas appears to play 
a pivotal role in systems of energy homeostasis. 124 Circulating glucose, 
insulin, and ketone levels may influence hypothalamic feeding and satiety 
systems. Vagal efferents from the hypothalamus stimulate insulin and glu- 
cagon release from the pancreas.”* °°” In certain rodent models of obesity, 
such as the Zucker rat, hyperinsulinemia appears to be a major factor in 
the recruitment of new fat cells,9%% 389 Sympathetic nervous inputs also 
influence pancreatic insulin release. a-Adrenergic stimulation diminishes in- 
sulin release, while B-adrenergic activation tends to increase insulin re- 
lease.>” 

Hyperinsulinemia and insulin resistance are well-known concomitants of 
obesity. The oral glucose tolerance test in the obese individual typically 
demonstrates peripheral resistance to insulin as manifested by an increase 
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in the insulin/glucose ratio and in the amount of insulin required to main- 
tain normal glucose levels.°?? Obesity is the most common cause of insulin 
resistance in adults and children.2?? However, chemical diabetes secondary 
to obesity is rare in children.°** 39° Responsiveness of AT to insulin-stim- 
ulated glucose uptake in vitro is inversely correlated with adipocyte size.?”° 
Serum immunoreactive insulin levels and fat cell diameter are directly cor- 
related in obese adults and in lean subjects with enlarged adipocytes sec- 
ondary to type IV hyperlipidemia.°?”°” In contrast, obese subjects are not 
resistant to insulin action on noncarbohydrate systems such as amino acid 
metabolism, activation of lipoprotein lipase, and antilipolysis.°°“ The 
hyperinsulinemia of obesity thus favors a further increase in lipid stores by 
inhibiting lipolysis and stimulating lipogenesis via activation of lipoprotein 
lipase (see section on regulation of lipolysis and lipogenesis). 

The mechanisms of adiposity-related insulin resistance involve receptor 
and postreceptor modifications that are not limited to AT. Hyperinsuli- 
nemic obese subjects demonstrate decreases in insulin receptor binding in 
hepatocytes, monocytes, and myocytes as well as adipocytes. The ubiqui- 
tous nature of these insulin receptor changes suggests that there may be 
homologous regulation of insulin binding to many tissues. Alternatively, 
the hyperinsulinemia of obesity (in response to adipocyte hypertrophy) 
may lead to a secondary downregulation of insulin receptor binding in 
other tissues.*°? However, a decrease in receptor binding is not sufficient 
to explain the changes in the in vitro cellular glucose transport/insulin dose- 
response curves seen in obese subjects. Adipocytes and muscle cells have 
many “‘spare’’ insulin receptors. It is necessary to occupy only a small frac- 
tion of the total number of insulin receptors in order to achieve maximal 
biologic effect on glucose transport.*°**”” Large fat cells demonstrate both 
a decrease in the number of insulin receptors (both per cell and per unit 
cell membrane area)*® manifested as a right shift of the dose-response 
curve, and a decrease in responsiveness (maximum level) of insulin-stim- 
ulated rates of glucose transport.*°?*1" The coupling of the insulin-recep- 
tor complex to the glucose transport system appears to be normal in large 
fat cells, i.e., once the insulin-receptor complex has formed it efficiently 
initiates glucose transport.** 412 Tt is most likely, therefore, that there is a 
postreceptor modification of insulin-mediated glucose transport in the en- 
larged adipocyte as well as a decrease in the number or affinity of the 
insulin receptors. 





Gonads 


The plasma concentrations of testosterone in obese prepubertal boys are 
comparable to those of Tanner stage-matched lean controls. However, tes- 
ticular responsiveness to human chorionic gonadotropin and to gonadotro- 
pin-releasing-hormone-—provoked gonadotropin release appears to be di- 
minished in obese boys.?’ The apparent gonadal hyporesponsiveness 
may be an artifact of an adiposity-related reduction in sex hormone bind- 
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ing globulin, which results in a normal bioactive pool despite diminished 
poststimulation total serum concentrations of circulating sex steroids in the 
obese.*!3 Gross obesity in women is associated with amenorrhea, dysfunc- 
tional uterine bleeding, polycystic ovary syndrome, and inadequate matu- 
ration of the uterine stroma during the luteal phase of the menstrual Cy- 
cle.°2% 414 There are numerous possible adiposity-related changes in the 
production of adrenal or gonadal sex steroids that may account for these 
menstrual irregularities. In addition to the premature adrenarche discussed 
in the section on adrenal steroids, in vitro studies of ovarian stroma have 
demonstrated that high ambient concentrations of insulin are associated 
with an increase in ovarian androgen production. Alternatively, there may 
be an overproduction of estrogen due to aromatization of circulating an- 
drostenedione to estrone by the enlarged adipocyte pool.20? 415 416 ~gqi- 
posity-related menstrual abnormalities, with the exception of polycystic 
ovary syndrome, similar to most of the endocrinopathies discussed earlier, 
are usually reversible with weight loss. 

In summary, there are adiposity-related endocrinopathies involving both 
central and peripheral endocrine systems. Almost all of these will resolve 
with weight loss. Physicians must bear in mind that many seemingly ab- 
normal endocrine tests will be secondary to obesity rather than indicative 
of primary endocrine pathology. 


The Relative Contributions of Genotype and Environment 
to Pediatric Obesity 


There has been a resurgence of interest in the contribution of genotype 
toward predisposition to obesity in humans. A variety of animal models 
(e.g., the ob/ob mouse and the fa/fa Zucker rat) have been described in 
which obesity is inherited as a simple Mendelian recessive trait. Such ani- 
mals, which are members of highly inbred strains, demonstrate enhance- 
ments of metabolic efficiency within the first few weeks of life before the 
appearance of the relative hyperphagia that is part of their behavioral phe- 
notype.*!” “18 In no instance is the specific biochemical “‘lesion” that un- 
derlies these genetic obesities known. Though the elucidation of the mo- 
lecular physiology of these fascinating examples of obesity will 
undoubtedly shed light on questions regarding the pathogenesis of human 
obesity, such insight will provide only a portion of the answer. In humans, 
obesity is clearly the result of complex interactions of genotype with potent 
environmental forces. 

The apparent increase with age of the correlation between pediatric and 
adult adiposity may reflect progressively greater phenotypic expression of 
genetically programmed patterns of energy homeostasis with age. On the 
other hand, numerous postnatal environmental factors—including socio- 
economic status, education, geographic location, family size, and of course 
diet—have also been correlated with subsequent risk of obesity.) 419 In 
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this section, we discuss the relative contributions of various genetic and 
environmental factors to the development of pediatric obesity and its per- 
sistence into adulthood. 





Genetics 


Efforts to quantify the contribution of genotype to body habitus in humans 
have been of two general types. Comparisons of monozygotic and dizy- 
gotic twins are used to assess relative expression of identical and noni- 
dentical genotypes in presumably similar environments. Adoption studies, 
by comparing adoptees with their biologic and adoptive families, are an- 
other way to assess the relative contribution of genotype and environment 
to body composition. (Mueller*”° provides a recent extensive review of the 
literature on the genetics of adiposity.) 


Twin Studies 


Studies of dizygous versus monozygous twins have suggested that as much 
as 80% of the variance in skinfold thickness or weight-for-height may be 
attributable to genotype.**!: 47? Brook et al.*7° compared the concordance 
of skinfold thicknesses in monozygous versus dizygous twins to assess the 
relative influence of genotype on phenotype in presumably similar envi- 
ronments. He reported that pooled heritabilities of triceps and subscapular 
skinfold thickness (the percent of variability in skinfold thicknesses that is 
attributable to genotype) rose from 50% in children less than 10 years of 
age to 98% in children over age 10. Bouchard*”* reported that the con- 
cordance of fat mass and fat distribution was much higher between mon- 
ozygous than dizygous twins. In the same study, intrapair concordances of 
lipoprotein lipase activity, maximal insulin-stimulated lipogenesis, and basal 
and stimulated rates of lipolysis were significantly higher within monozy- 
gous than dizygous twin pairs. Poehlman et al.*”° studied AT metabolism 
in six pairs of adult nonobese monozygotic twins during a 22-day period 
of controlled overfeeding. While no consistent effects of overfeeding on in 
vitro basal or stimulated lipolysis or lipogenesis were noted, there was sig- 
nificant intrapair concordance for these measures. This implies that there 
may be genotypic influences on AT adaptation to caloric excess. Long- 
term studies have demonstrated that the heritability of percentage over- 
weight remains relatively stable in monozygous twins examined at 20-year 
intervals. Since environments are presumably different for the twins, this 
suggests a strong genetic contribution to body habitus that is not an artifact 
of covariant environmental circumstances.*2” *7° Yet, these data may also 
reflect persistence of feeding behaviors learned in common childhood sur- 
roundings. 

Twin studies have been criticized for assuming that there is a constancy 
to the environment within dizygous twin pairs. Some twin studies also fail 
to take cognizance of possible important interactions of genotype and en- 
vironment; there may be genotypic influences on how feeding behaviors, 
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etc., are influenced by the same environment. For example, studies of 
infant feeding behavior demonstrate that there are genetic influences on 
sucking patterns and sensitivity to sweetened formulas.'” 47” #78 The type 
of formula offered to the infant could thus have an impact on the pheno- 
typic expression of this food preference genotype. 


Adoption and Other Studies 


Studies of adoptees as adults??? and as children*° have found significant 


correlations of BMI between female adoptees and their biologic but not 
adoptive mothers. Studies of male adoptees did not reveal significant dif- 
ferences in correlations of BMI with biologic versus adoptive fathers or 
mothers. It is not clear, however, to what degree the observed concord- 
ances between adoptees and their biologic but not adoptive parents reflect 
the heritability of adiposity versus LBM, i.e., whether fatness or leanness is 
inherited.**? It should also be noted that some investigators have found 
equal correlations of skinfold thicknesses between adoptees and their bio- 
logic and adoptive parents.*2” 

A number of investigators have attempted to locate genetic markers to 
identify those most likely to become obese. In a study of ten families with 
a strong family history of obesity, Apfelbaum et al.*°* *° found that the 
HLA B-18 antigen was present in 37% of obese individuals within the 
same family versus 10% of unrelated obese individuals and 14% of non- 
obese family members. The authors suggest that the HLA B-18 haplotype 
may be a marker of those at risk of obesity in certain types of familial 
obesity. These findings with regard to HLA haplotype have not (to our 
knowledge) been replicated. There are a variety of sampling artifacts that 
might explain such concordance of haplotype and corpulence. It is, how- 
ever, possible that an “HLA-linked’”’ gene controlling some aspect of en- 
ergy homeostasis is involved. There is one report of virus-induced obesity 
in mice,*°° probably on the basis of a subtle encephalopathy. Specific 
HLA-types predispose to certain infections, and it is at least conceivable 
that some instances of human obesity might be due to subclinical episodes 
of viral encephalopathy. 


Environment 


In 1968, Knittle and Hirsch*?” reported that underfeeding or overfeed- 
ing of preweanling rat pups was associated with respective decreases or 
increases in body size and epididymal fat pad cellularity and cell size. 
These differences in body size and adiposity persisted despite subse- 
quent ad libitum feeding of rat chow. Later demonstration that extreme 
obesity in humans is due to adipose hyperplasia as well as hypertrophy 
and of the irreducible nature of adipocyte number by weight loss!” 
suggested that early nutritional factors might exert a strong influence on 
subsequent adiposity. Others have proposed that the human fetus is 
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relatively immune to the effects of maternal nutritional variation due to 
its ability to parasitize nutrients at the expense of the mother. While 
both of these hypotheses have had substantial effects on prenatal and 
postnatal feeding practices in humans, neither has been conclusively 
demonstrated. 

As noted earlier, a metabolic tendency toward fat accretion in times of 
plenty as provision against times of famine may have been advantageous 
to our progenitors. It is unlikely that this tendency has changed substan- 
tially over the last generation, yet the prevalence of obesity continues to 
increase.**® This suggests that the rapidly changing environment has be- 
come increasingly permissive toward the phenotypic expression of this un- 
derlying tendency to accumulate adipose tissue.*8? This section reviews 
various prenatal and postnatal factors that have been proposed as influ- 
ences on childhood adiposity. 


Prenatal Environmental Factors 


Infant birthweight varies directly with maternal obesity and weight gain 
during pregnancy. ‘8° “4°44? Rosso“? hypothesized that in the malnour- 
ished gravida, there is a restriction of the normal physiologic increases in 
maternal blood volume and/or cardiac output. This results in decreased 
placental size and blood flow, reduced nutrient transfer, and ultimately fe- 
tal growth retardation. 

Prenatal overnutrition is best exemplified by the infant of the gestation- 
ally diabetic mother (IDM). Gestational diabetes mellitus exposes the fetus 
to high circulating glucose levels resulting in fetal hyperinsulinemia and 
increased lipogenesis. The relative obesity of the IDM is well known and 
has been inversely correlated with the degree of gestational glycemic con- 
trol.444-° Extrapolating from the work of Knittle and Hirsch cited ear- 
lier,*°” an increased incidence of subsequent hypercellular obesity in the 
IDM might be anticipated. 

There is, however, no consensus regarding the effects of gestational di- 
abetes mellitus on long-term adiposity. Ginsberg-Fellner and Knittle**” 
found comparative hypercellularity of AT in IDM as infants, and several 
investigators have reported an increase in subsequent obesity.*4°*°° Eval- 
uation of these phenomena is complicated by the fact that both the dia- 
betic mother and her offspring may be manifesting a genetic predisposition 
toward obesity rather than an expression of prenatal environmental influ- 
ences. 

Studies of obesity-prone populations, such as the Pima Indians of Ari- 
zona, have endeavored to separate pregestational and gestational influ- 
ences on subsequent adiposity. The Pimans represent a population known 
to be at high risk for obesity and maturity-onset diabetes mellitus. Pettit et 
al.*°! reported that a significantly higher percentage of the offspring of ges- 
tationally diabetic Pimans were obese at age 15 to 19 years than offspring 
of prediabetics or nondiabetics. These differences in the prevalence of sub- 
sequent obesity in offspring were independent of the degree of maternal 
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obesity. The positive correlation between maternal diabetes and adoles- 
cent obesity suggests that prenatal exposure of the fetus to the milieu of 
the diabetic mother may constitute an independent risk factor for subse- 
quent obesity in this unique and relatively homogeneous (genetically) pop- 
ulation. 

Prenatal undernutrition in humans has, for obvious ethical reasons, been 
examined primarily through retrospective epidemiologic studies of popu- 
lations subjected to prolonged periods of starvation as a result of man- 
made or natural disasters. Ravelli et al.*°* conducted a retrospective study 
of 307,700 19-year-old male military recruits conceived during the Nazi- 
imposed Dutch famine of 1944 to 1945. The prevalence of obesity (de- 
fined as weight/height greater than 120% of the World Health Organiza- 
tion [WHO] standards) was significantly higher among inductees whose 
mothers had been undernourished (estimated at 1,000 to 1,200 kcal/day) 
during the first two trimesters of pregnancy (2.77% versus 1.45% in con- 
trols from non-nutritionally deprived regions). Offspring of women under- 
nourished during the third trimester of pregnancy, and who were subse- 
quently underfed during the first few months of infancy, showed a 
significant reduction in birthweight and in the prevalence of subsequent 
obesity at age 19 (0.82% versus 1.32% in controls from non-nutritionally 
deprived regions of the country). Malnutrition in only the last trimester of 
pregnancy or the first year of life had no influence on the incidence of 
subsequent obesity. The authors suggest that the increased incidence of 
obesity in individuals subjected to early intrapartum nutritional deprivation 
might be due to an effect on developing hypothalamic centers regulating 
feeding and growth. The decreased incidence of obesity in those subjected 
to later undernutrition might reflect effects on intrauterine and extrauterine 
AT development. However, the statistical significance of the between- 
group differences reflects small differences in a large study population, and 
it is not clear whether these data reflect changes in LBM or actual A 
mass. 


Postnatal Environmental Factors 


Studies of feeding beyond the neonatal period have only reemphasized 
the view that each child has a highly individual pattern of energy homeo- 
stasis and that there are no universally applicable dietary guidelines for the 
prevention of obesity. Formula-fed infants have been reported to be sig- 
nificantly longer and heavier than those who were breast-fed.4°3 However, 
no significant differences in BMI between members of these two groups 
were detectable at 8 years of age.**4 Similarly, several other investigators 
have reported that subsequent adiposity is not significantly influenced by 
the age at which specific foods are introduced into the diet or other infant 
feeding practices.**" 5457 Enzi et al.*°® studied the growth of infants 
born to normal, obese, and diabetic mothers while attempting to keep all 
infants on 105 to 120: kcal/kg/day intake. Despite similar energy intakes, 
there were large variations in rates of AT deposition that were not predict- 
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able from pregravid maternal caloric intake or weight or a history of ma- 
ternal diabetes. Butte et al.*°? examined caloric intake and growth in 45 
exclusively breast-fed infants and found that these children achieved ade- 
quate growth during the first 4 months of life despite caloric intakes that 
were significantly less than WHO-recommended daily allowances and ap- 
proximately 25% less than the intake of formula-fed infants. The authors 
concluded that the infant may be capable of adjusting energy homeostatic 
systems to compensate for variations in the level of caloric intake. These 
studies are consistent with the concept of variable metabolic efficiency be- 
tween individuals and stress that caloric requirements must be assessed on 
the basis of individual growth patterns. 

Numerous other environmental variables have been implicated as fac- 
tors that encourage expression of the obese genotype. In the United 
States, the prevalence of obesity is higher in children raised in urban than 
in rural communities and also varies between different geographic re- 
gions.*©° (The National Health Examination Survey reported that obesity 
is most prevalent in the northeastern United States, followed by the Mid- 
west, South, and West.*!) Children of larger families are less likely to be 
obese while children of single or of older parents are more likely to be 
obese.*°* 46! Socioeconomic status and level of maternal education have 
been reported to vary inversely with preadolescent adiposity.*3” *? Dietz 
and Gortmaker*® reported significant association between the prevalence 
of obesity and the amount of time devoted to watching television in a large 
population study of children aged 6 to 17 years. They concluded that tele- 
vision viewing encourages inactivity and the consumption of calorically 
dense foods that then lead to the development of obesity. However, it is 
also possible that the obese child watches more television because of social 
stigmatization by peers or other consequences of obesity. 

In summary, the phenotypic expression of genotypic influences on body 
composition appears to increase with age. Genotypic influences on adipos- 
ity can be expressed through feeding behavior and/or metabolic efficiency, 
but the specific differences in these systems between lean and obese indi- 
viduals have not been clearly defined. Clearly, expression of genotype is 
influenced and can be overridden by environmental factors such as nu- 
trient availability and need for physical activity. Ultimately, body composi- 
tion, anatomic distribution of fat, and the systemic response to adiposity 
reflect a complex interaction of nature and nurture. 


2 
Prevention and Treatment 


Studies by Zack et al.°!? suggest that childhood fatness may be more pre- 
dictive of adolescent fatness than previously recognized. As previously dis- 
cussed, there may be metabolic and behavioral characteristics of the child 
destined to become obese that are evident before the physical manifesta- 
tions of obesity. If this is true, then earlier identification of the child at risk 
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of becoming an obese adult may be possible. However, there is little evi- 
dence that once such a child has been identified, a safe and long-term 
intervention can be made.*®* *©° This section reviews current modes of 
therapy while emphasizing that, in addition to the tremendous difficulty in 
maintaining a weight-reduced state, there is a significant risk of therapy- 
related morbidity in the obese, growing child. 





Early Therapeutic Intervention 


As previously discussed, there is no evidence that early infant feeding prac- 
tices influence the subsequent development of obesity. Studies of older 
children have addressed the issue of early therapeutic intervention in chil- 
dren who have already been identified as obese. In a study of obese pre- 
pubertal girls (mean age, 8.4 years), Hager et al.2°° examined AT cellular- 
ity during a 1.5 to 1.9 year therapeutic trial of a 1,200 kcal/day diet and 
exercise regimen. They found that whereas the overall rate of fat accretion 
was diminished in these subjects, the increase in adipocyte number over 
the period of study was still greater than in age-matched lean controls. 
These data imply that hyperplasia of adipose tissue may be therapeutically 
restrained, but that the influence of genotypic or previous environmental 
factors that predisposed subjects toward a supranormal rate of appearance 
of adipocytes may persist despite clinically effective weight control. 

Long-term studies of weight-reduced children have demonstrated rates 
of recidivism to obesity similar to those reported in adults. Lloyd et al.*©” 
reported that 80% of a group of weight-reduced obese children had re- 
turned to their initial weight percentiles 9 years after weight reduction. 
Ginsberg-Fellner and Knittle**’ examined 26 children who had been 
treated for obesity at age 2 to 10 years with dietary intervention leading to 
a 33% reduction in body weight expressed as percentage of ‘‘ideal.” 
Seven to eight years later, all these children had returned to previous levels 
of obesity. Leibel and Hirsch*® documented that many reduced-obese 
adults have a sharp (approximately 20%) and persistent decline in weight- 
maintenance energy requirements (corrected for body size). Despite that 
fact that they are weight stable, such individuals display a variety of symp- 
toms (hunger, lethargy, depression, amenorrhea) and metabolic character- 
istics suggestive of a semi-fasted state. These changes in energy homeosta- 
sis, which accompany weight reduction, may reflect antecedent metabolic/ 
behavioral characteristics and/or derangements induced by the weight loss 
process itself. In any event, these characteristics of the weight-reduced 
state clearly contribute to the high rate of recidivism among reduced-obese 
adults. The status of such systems in weight-reduced children has not been 
carefully examined. 


AS OA Se See ee 
Recommendations for Management 


There are undoubtedly many different causes of obesity in children, and 
we currently lack sufficient knowledge to effectively prevent or treat most 
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of them. Obesity may be the manifestation of an underlying illness such as 
primary hyperinsulinism, excess cortisol secretion, hypothyroidism, Prader- 
Willi syndrome, or other syndromes of hyperphagia secondary to hypotha- 
lamic damage. However, these entities are rare in children. In the vast 
majority of cases, obesity is due to characteristics of eating behavior and/ 
or energy expenditure that favor an increased body mass. 

There are clear medical and psychosocial benefits to weight reduction 
for the obese. However, the Food and Drug Administration of the United 
States continues to report significant mortality-associated with low energy 
diets in adults and children. ” Nylander*” reported that 10% of teen- 
agers in supervised weight control programs complained of at least three 
of the following symptoms: anxiety, depression, chilliness, constipation, 
amenorrhea, or mental sluggishness. Mallick*”? *”4 found that 80% of 
teenagers using unsupervised diets taken from popular books or magazines 
suffered from hunger, weakness, headaches, fatigue, nausea, constipation, 
nervousness, dizziness, poor concentration, altered menstrual function, 
and/or fainting. Numerous investigators*”” *”° have reported secondary 
amenorrhea or dysmenorrhea with weight loss in adolescents. Adverse re- 
actions to therapeutic dieting are as highly individualized as therapeutic 
responses, and subjects must be closely monitored during caloric restric- 
tion. While the psychosocial consequences of childhood obesity may seem 
paramount to the patients and their families, one must also consider the 
rigors of therapy and stigmatization of the child that may occur as a result 
of having their weight become the center of family attention. 

The more radical treatments sometimes used for severely obese adults 
(jaw wiring, gastric stapling, jejunoileal bypass) are not recommended for 
children. The consequences of even moderate caloric restriction may in- 
clude an impairment of statural or brain growth.”©* 4”” Thus, if possible, 
diet therapy should be directed toward slowing rates of fat accretion until 
body composition is normalized rather than toward restricting energy to 
the point of weight loss. All diets should be designed to provide sufficient 
quantities of carbohydrate, fat (especially essential fatty acids), protein, 
minerals, and vitamins to fully meet lean tissue growth requirements. “‘Spe- 
cial’”’ diets consisting of drastically altered relative contents of carbohydrate, 
protein, or fat may be dangerous and yield no better results than a calorie- 
limited well-balanced diet.*’* *”? Studies of highly restrictive protein-spar- 
ing diets in adolescents have suggested that impairment of protein metab- 
olism with continued nitrogen losses may occur despite carbohydrate sup- 
plementation.*8°4” 

The other critical component of therapy is exercise (Table 4). Contrary 
to popular conceptions, the obese child is not chronically physically under- 
active compared with lean peers.'°° 8°: 4 However, encouragement of 
exercise will allow the child to ingest more calories during the treatment 
period. 

Studies of compliance of obese children with dietary regimens have em- 
phasized the importance of a family-oriented approach to therapy. Refusal 
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TABLE 4. 
Approximate Hourly Energy Expenditure of Adult 
Men and Women During Exercise* 





Energy Expenditure 


(kcal/hr) 
Level of Activity Men Women 
Light (walking at 2 miles per hour) 120-290 90-220 
Moderate (running at 4 miles per hour) 300—450 250-350 
Heavy (running at 5 miles per hour) 450-600 320-500 


*Data are based on an average 65-kg man and 55-kg women. When cor- 
rected for lean body mass, values are not significantly different between 
sexes. Hourly energy expenditure depends on the individual activity as well 
as the age, body composition, and overall fitness of the individual. 


rr 


to adhere to a weight-reduction plan may be the manifestation of other 
psychologic stresses. For example, Dietz and Gortmaker*©° reported that 
children of married parents lose weight at higher rates than those of di- 
vorced parents. Once a weight-reduction plan has been recommended, 
conflicts frequently arise between the patient and nondieting family mem- 
bers regarding the degree of dietary restriction, who can eat different 
foods, etc.*!? If possible, the obese child and the entire family should ad- 
here to a diet similar in composition if not quantity. Involvement of the 
entire family should help to minimize the feelings of isolation in the obese 
child. i 

In deciding upon a therapeutic approach, children should be classified 
with respect to apparent morbidity. Children who are obese (subscapular 
skinfold thickness > 75th percentile) should be evaluated for hypertension, 
hypercholesterolemia, and glucose intolerance. If none of these are pres- 
ent, then a weight-maintenance diet and exercise plan should be advised. 
The goal of such therapy is to allow the child to grow normally without a 
further increase in AT mass so that he or she will “outgrow” the obesity. 
While obesity at any time in life may predispose to adiposity-related mor- 
bidity (regardless of whether the obesity persists), the risks of weight re- 
duction probably exceed the benefits in the otherwise healthy obese child. 
When adiposity-related morbidity is evident, more aggressive intervention 
is warranted. The hypertensive or diabetic child should attempt to reduce 
weight or alter body composition to the point that the morbidity is no 
longer evident within a 1-year period. The initial therapeutic approach 
should involve closely supervised diet and exercise plans. Some studies 
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have reported greater patient adherence to such treatments if they are 
administered in conjunction with some sort of behavior modification pro- 
gram.*°° Because of the risks associated with attempts at weight reduction 
in children, such a plan should include the supervision of a dietician, as 
well as monitoring of school performance and frequent physical examina- 
tion by the pediatrician. If the patient is unable to lose weight, and morbid- 
ity persists, then placement of the child in a highly supervised environment 
such as a weight-reduction summer camp should be considered. There is 
no documented role at present for pharmacotherapy in pediatric obesity, 
and surgical intervention should only be considered as a last resort in the 
morbidly obese child. 

Obesity, or the propensity to become obese, is a highly heterogeneous 
disorder that is remarkably resistant to therapeutic intervention. The irre- 
versibility of adipocyte hyperplasia and the increased likelihood of persis- 
tence of pediatric obesity into adulthood in the older child suggest that 
early detection of this propensity is highly desirable. The pediatrician can 
play a vital role in preventive medical care by closely monitoring patients 
and beginning simple dietary therapy before severe obesity develops. Such 
intervention is especially desirable in the case of children with a family 
history of adiposity-related morbidity. Once preventive or therapeutic in- 
tervention is begun, the child must be frequently evaluated to ascertain 
that normal linear and central nervous system growth continues. The ad- 
olescent, in particular, must be scrutinized for the possibility of precipitation 
of anorexia nervosa or bulimia.*°° 
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The eukaryotic cilium provides a classic example of the fitting of form to 
function at the cellular and molecular level in the living cell. Although cili- 
ary motility is elegant in its apparent simplicity, both ciliary structure and 
the mechanochemistry required to accomplish effective motion are com- 
plex. This complexity extends from the biochemical organization of the 
individual axonemal components, to the functional organelle, to its coor- 
dination with neighboring cilia. The widespread occurrence of cilia and 
flagella throughout the phylogenetic tree speaks to the economy of nature 
in accomplishing two specific cellular functions; either circulating a fluid 
over a stationary cell surface or, conversely, propelling a motile individual 
cell through a fluid. 

A vast body of knowledge has accumulated relative to the biology of 
the cilium as well as its significance to human health. Much of this infor- 
mation has come from studies of ciliated or flagellated eukaryotic protists. 
Additionally, among mammals, including humans, a number of congenital 
ciliary abnormalities have been identified that dispose them to lifelong res- 
piratory disease and likely infertility. More recently, microbiologic patho- 
gens and certain environmental insults have been identified as a cause of 
acquired ciliary defects, which, in contrast to inborn errors of ciliary struc- 
ture and function, appear to be transient manifestations of cellular injury. 

This review provides a perspective of the knowledge gained from var- 
ious basic studies of the development, organization, and function of the 
normal eukaryotic cilium and relates those observations to clinical experi- 
ence relative to the appearance of abnormal cilia, their functional conse- 
quences, and impact on human health. 
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The Normal Cilium: An Overview 


Cilia or Flagella? 


The organization of cilia and flagella and their basic functional mechanisms 
are similar in all eukaryotes and the distinction between them is arguably 
a minor one. The ultrastructural homology is virtually complete, the only 
major difference being that flagella are generally somewhat longer with 
usually one or two per cell in contrast to the hundreds of cilia that may 
populate a ciliated cell. The major functional difference in cilia and flagella 
resides in the pattern of their motion. A rotating spiral is characteristic of 
flagellar movement as it propels an individual cell through a liquid me- 
dium. In contrast, the numerous cilia populating the border of a stationary 
cell circulate the fluid in which they are bathed by an undulating, whiplash 
type of motion having little or no rotational component. 


Distribution of Ciliated and Flagellated Cells in Mammals 


Ciliated epithelia appear in a number of tissues in mammals. Both the 
upper and lower airways and the mucosa of the middle ear and eustachian 
tube are lined by a ciliated epithelium.’ In males, ciliated epithelium oc- 
curs on the ductuli efferentes on the border between the testis and the 
epididymis.* In females, the endometrial lining of the cervix and oviducts 
are populated by a lining of ciliated cells.> © Ciliated cells also appear in 
the ependyma of the brain.” At these sites, the primary function of the 
ciliated cells appears to be the clearance of debris and the transport and 
circulation of cells and fluid. 

Modifications and specializations of cilia are associated with certain sen- 
sory organs among mammals. Olfactory cells possess modified cilia having 
a normal microtubular configuration but without dynein arms.® Also, the 
hair cells of the vestibular organ each possesses a kinocilium, a single, 
long, rigid, nonmotile cilium.? The eye most likely represents the highest 
specialization of the cilium seen in higher vertebrates with inner and outer 
segments of rod cells being linked by a highly modified cilium. !° Sperma- 
tozoa are the only cells among higher vertebrates possessing true, albeit 
modified, flagella, their function being the locomotion of the male gamete 
to the ovum for fertilization.!° 

Many reports in the literature concern the anomalous appearance of cilia 
in various tissues and cell cultures.!!~!© These “primary” cilia generally are 
solitary and appear to be derived differently from the populations of cilia 
lining various epithelia. !7 They often appear with unusual axonemal con- 
figurations, and their motility generally is reduced or absent. These reports 
suggest that primary cilia may appear in virtually any organ system al- 
though their function at those sites remains undetermined. 
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Ultrastructural Organization of Normal Cilia 


The eukaryotic cilium is a distally tapering cylinder of 5 to 50 ym in length 
(Figs 1 and 2). Its internal organization is based around an arrangement of 
nine peripheral pairs and one central pair of microtubules. In addition to 
the microtubular configuration, a number of other morphologically distinc- 
tive features contribute to axonemal structure. The role of ciliary microtu- 
bules and the dynein arms in ciliary activity has been fairly well character- 
ized; however, the participation of the remaining accessory elements in 
ciliary motility is not as clear. The axonemal components, their position in 
the axoneme, and function if known are briefly outlined here. 


Microtubules and Tubulin 


The 9+2 microtubular pattern characteristic of cilia and flagella provides 
a prominent cytologic landmark and point of reference. Tubulin, the fun- 
damental protein of microtubules, is a dimer, the a- and B-subunits each 
having a purified molecular weight of approximately 55,000 daltons. !8-2° 
Microtubules are assembled from protofilaments, arrays of these alternat- 
ing a- and B-monomers organized into a linear pattern with a slight helical 
pitch. In cilia and flagella, the peripheral microtubular pairs are each or- 
ganized in a “piggyback” configuration. One microtubule, called tubule 
“A,” has a full complement of 13 protofilaments, whereas its partner tub- 
ule “‘B” has only 10 or 11, in effect sharing some subunits with tubule A. 
Unlike the peripheral microtubular pairs, the microtubules composing the 
central pair have no shared subunits. 


Dynein 


Tubule A of each peripheral ciliary microtubular pair exhibits two projec- 
tions, the dynein arms, positioned in a clockwise direction when viewed 
from the interior of the cell outward. Dynein was first isolated and its func- 
tion as an adenosine triphosphatase (ATPase) described by Gibbons and 
Rowe.”! The outer arm often appears more prominently curved in ultra- 
thin sections. Recent electron microscopic observations of rapidly frozen, 
deep-etched cilia further confirm this observation.“ 


Nexin 


Connecting the peripheral microtubular pairs is a thin filamentous band 
composed of a protein, nexin, which appears to link and maintain the 
configurational integrity of the radial microtubules of the axoneme. 


Radial Spokes 


Extending from the tubule A of each peripheral microtubular doublet is a 
connecting link directed toward the central microtubular sheath. These ra- 
dial spokes terminate in a knoblike structure adjacent to the central 
sheath.” It is thought that the radial spokes provide a stabilizing and guid- 
ing structure for the sliding microtubules. 
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FIG 1. 


The eukaryotic cilium illustrating the spatial relationships and positions of major 
elements. 
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FIG 2. 

Transmission electron micrograph of a cilium in cross section from airway epithe- 
lium of a normal human subject. The tissue was fixed in an aldehyde solution 
containing tannic acid to enhance preservation of microtubules. This photomicro- 
graph illustrates several major features including cross sections of microtubular pro- 
tofilaments, radial spokes, and dynein arms. The designations A and B on the 
microtubular pair in the six o'clock position are standard conventions used to iden- 
tify the individual microtubules of the peripheral pairs. The complete ‘‘A’’ tubule 
exhibits the projecting dynein arms. The “‘B” tubule is incomplete and joined to 
the A tubule by several shared subunits. See also Figure 1. 


Central Sheath 


The two central tubules appear to be bound within a common sheath. The 
radial spokes and the central sheath are proximal to one another and may 
have complementary functions in motility. 


The Ciliary Membrane 


The axonemal components and matrix are surrounded by a trilaminar cell 
membrane, an extension of the cell membrane. Freeze-fracture prepara- 
tions reveal that the shaft region of the ciliary membrane is populated by 
sparse membrane-associated particles. Also, four to six rings of ciliary 
necklace particles encircling the ciliary shaft reside at the base of each cil- 
jum in cells of higher organisms (Fig 3).”° 





From Form to Function: How Cilia Work 


In the cilium, nature has provided an easily observable and quantifiable 
cellular function (motility) and structures consonant with that function that 
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FIG 3. 

Freeze-fracture preparation of 
human airway epithelium 
illustrating a ciliary necklace at 
the base of a cilium (black 
arrow) and a nascent ciliary 
necklace (black/white arrow) 
residing on the luminal border 
of a ciliated cell. 





can be experimentally dissected and their basic structure/function relation- 
ships studied in the laboratory. Additionally, mutated and injured cilia ex- 
hibiting functional deficits appear among humans in the clinical setting also 
providing a rich opportunity for the study of this organelle in relation to 
disease pathogenesis. 

The ciliary motive force appears to be generated by a sliding of the 
microtubular pairs relative to one another that is modulated by the dynein 
arms and further assisted by the axonemal accessory structures. This con- 
cept, now known as the “sliding filament hypothesis,” was postulated by 
Afzelius*’ and further refined in a number of other classic studies.?) 8: 
The basic dynamics relative to this hypothesis involve the interaction of the 
dynein arms residing on each tubule A of the peripheral microtubular pairs 
with the tubule B of the neighboring peripheral pair.°° The “rigor” position 
of the arms, which can be considered as the starting point in a single me- 
chanochemical cycle, exists in the absence of adenosine triphosphate 
(ATP). Addition of ATP causes the release and shortening of the arms 
from the rigor position, a step independent of ATPase activity. The arms 
then reextend basally at an angle of approximately 40 degrees and reat- 
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tach to the neighboring microtubular pair, a step requiring hydrolysis of 
ATP. The arms subsequently return to the equilibrium (rigor) position by 
the sliding of the doublets relative to one another. To convert the con- 
certed sliding of all the pairs of peripheral microtubules relative to one 
another to the bending motion characteristic of the cilium, some rigid struc- 
ture must provide the necessary shear resistance. This requirement may 
be fulfilled by the radial spokes because of their natural alignment perpen- 
dicular to the microtubular pairs and their proximity to the central sheath. 
A final element relevant to the dynamics of ciliary motility involves the role 
of the ciliary membrane. Gilula and Satir”° have postulated that this struc- 
ture may be responsible for the control of local membrane permeability, 
particularly to calcium ion, which is requisite for ciliary activity. 


<< AAA 
Ciliogenesis 


Ciliogenesis in Lower Eukaryotes 


Because it appears that some ciliary defects may be derived from funda- 
mental errors of ciliogenesis, an understanding of this process is an impor- 
tant element in research aimed at achieving a better understanding of the 
origin of ciliary defects. The molecular basis of ciliogenesis, and particularly 
of the assembly of axonemal microtubules, has been most extensively 
studied in eukaryotic protists*!~** and is likely pertinent to mammalian cells 
also; however, knowledge concerning the dynamics of assembly of other 
axonemal components is presently very limited. 

In recent years, several studies have indicated that axonemal tubulin is 
posttranslationally modified in a number of lower organisms by the acety- 
lation of «-tubulin.2°-” Monoclonal antibodies generated against this mod- 
ified a-tubulin react with axonemal tubulin but do not react with cyto- 
plasmic tubulin.*® Thus, acetylation appears to be an important 
characteristic of axonemal tubulin and may account in part for the stability 
and other attributes that distinguish cytoplasmic from axonemal microtu- 
bules. 


Ciliogenesis in Mammals 


Three basic approaches have been employed individually and in concert 
to study ciliogenesis in mammalian airways. These include observations of 
(1) in utero maturation of fetal animals,’’ (2) organ cultures,2? and (3) 
regeneration and renewal of ciliated epithelium following injury. 

The formation, appearance, frequency, and functional capacity of pri- 
mary cilia is considerably different from that of the motile cilia populating 
epithelial borders. Primary cilia appear to be derived directly from a parent 
centriole through a series of phases leading to the emergence of the single 
cilium through the cell membrane.*’ In the event the centriole resides 
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deeply within the cytoplasm, the primary cilium may elongate and remain 
intracytoplasmic in position. The functional capacity of the primary cilium 
as a motile organelle appears to be very attenuated relative to the vigorous 
dynamics of epithelial border cilia. 

Although the origin of the cilia composing the ciliary beds lining various 
epithelia are derived differently from the developmental course of individ- 
ual primary cilia, a structural and developmental kinship with centrioles is 
evident. Ciliary bed cilia develop from procentrioles that are products of 
deuterosomes, structures derived from fibrogranular aggregates residing 
near a previously existing pair of centrioles. The procentrioles, which are 
actually nascent basal bodies, organize radially about the deuterosomes. 
Subsequently, they are released to the cytoplasm and migrate to the lu- 
minal border of the cell where they mature as basal bodies, and the assem- 
bly, emergence, and elongation of the individual axonemes occurs. 

The arrival of the basal bodies at the luminal membrane during early 
stages of ciliogenesis is heralded by the appearance of arrays of intramem- 
brane particles that represent nascent ciliary necklaces (see Fig 3).*1 These 
particle arrays further organize, presumably with the maturation of the sub- 
jacent basal bodies, into concentric rings or spirals through which the bud- 
ding cilia emerge. The complexes remain in place at the ciliary bases dur- 
ing axonemal assembly and emergence, suggesting a possible regulatory 
role in ciliogenesis, and become the ciliary necklaces of the mature cilia. 


LTTE SLL LITE LE Te 


Ciliary Defects: Congenital Vs. Acquired 


Ciliary defects in clinical medicine can be divided into two general classes, 
congenital and acquired. The heritable nature of congenital human respi- 
ratory diseases in which defective cilia are pathognomonic is increasingly 
well documented as is the definition of the specific ciliary abnormalities 
associated with them. Afzelius and colleagues*” provided some of the 
first evidence of a genetic component to certain ciliary diseases when they 
identified two brothers with chronic respiratory disease who also exhibited 
dysmorphic and functionally compromised sperm flagella. These reports 
provided a unifying pathophysiologic factor, a genetic predisposition for 
the expression of defective cilia, as an explanation for the outwardly dis- 
parate clinical syndromes of dextrocardia, chronic respiratory disease, and 
infertility, which often appeared together in some individuals. These land- 
mark studies gave way to many other investigations examining the role of 
ciliary defects and dysfunction on human health including investigations of 
other seemingly related clinical syndromes as well as efforts to elucidate 
the genetic basis of inborn ciliary disease.*> * A complicating issue in the 
identification and characterization of the manifestations of congenital ciliary 
diseases has been the superimposition of acquired ciliary defects. Acquired 
ciliary defects appear to arise from cell injury and may result from a variety 
of sources. The reduction in mucociliary clearance among patients with 
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inborn congenital ciliary abnormalities is considerable, often leading to in- 
fection and the appearance of acquired forms of ciliary defects. Further- 
more, there is good evidence that acquired ciliary defects appear tran- 
siently among normal individuals during periods of acute infection or 
exposure of the airway mucosa to certain environmental pollutants and 
irritants. 

It is hoped that the following paragraphs will clarify the confusing no- 
menclature surrounding certain ciliary diseases and focus on their clinical 
manifestations and the possible relationships between acquired and con- 
genital ciliary abnormalities. 


Congenital Ciliary Diseases 
Evolution and Present Status of Nomenclature 


A triad of symptoms involving situs inversus, bronchiectasis, and chronic 
sinusitis was described first by Siewert*’ in 1904. In 1933, Kartagener fur- 
ther characterized this syndrome, which has come to bear his name.*® The 
diverse presentations associated with this syndrome, situs inversus, chronic 
sinusitis, and bronchiectasis must have been somewhat enigmatic for cli- 
nicians of that era. Over 40 years later with the advent of modern electron 
microscopy, Afzelius et al.4” * identified an ultrastructural level lesion of 
cilia in patients with Kartagener’s syndrome (KS). Eliasson further con- 
firmed the observations of Afzelius and a short time later reported with 
other colleagues that similar ciliary abnormalities may appear in the ab- 
sence of dextrocardia.*? The term immotile cilia syndrome (ICS) was 
adopted to identify the condition they had observed. The specific defect of 
cilia involved the absence of the dynein complement of the ciliary axo- 
neme causing the cilia to be “‘locked”’ in a state of rigor or immotility (Fig 
4). This markedly compromised the functional capacity of the cilia and 
effectively reduced mucociliary clearance. Subsequent studies” °! further 
indicated that the cilia from patients with ICS were not totally immotile but 
often exhibited an ineffeciive oscillating or rotating type motion leading to 
the use of the term “dyskinetic cilia syndrome.’’ A growing confusion in 
terminology led to a joint proposal introduced by Sleigh®” for a unifying 
nomenclature. Thus, the presently accepted term “‘primary ciliary dyskine- 
sia” (PCD) came to identify patients with or without situs inversus having 
chronic sinusitis and chronic bronchitis/bronchiectasis and expressing ultra- 
structurally documented ciliary abnormalities. The scope of this definition 
thus encompassed KS and conveyed a more accurate sense of the patho- 
physiologic basis of this condition 

In their pioneering studies, Afzelius and colleagues not only rec- 
ognized the genetic basis for PCD but also outlined a plausible mechanism 
for its origin that explained the differential appearance of situs inversus. 
They postulated that the ciliary dysfunction characteristic of PCD extends 
to early embryogenesis at which time the specific direction and beat pat- 


42, 43, 53 
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FIG 4. 

Electron micrograph of nasal cilia from a patient with KS (primary ciliary dyskinesia 
with situs inversus) illustrating the absence of both dynein arms. The alignment of 
the central microtubular pairs of adjacent cilia also should be parallel rather than 
at right angles as shown here and marked by the reference arrows inserted in the 
photomicrograph. 


tern of the ciliated epithelium of normal embryos directs the ultimate po- 
sitioning of the viscera. In embryos with congenital PCD, the failure of the 
cilia to rotate the viscera properly leads to the final positioning of the vis- 
cera by random chance. Thus half of the patients with PCD would be 
expected not to have malrotation of the viscera, a figure in general agree- 
ment with actual observation. 


Ultrastructural Manifestations of Primary Ciliary 
Dyskinesia 


A number of studies in recent years have continued to characterize fea- 
tures of PCD relative to clinical medicine as well as elucidating basic mech- 
anisms of its pathophysiology. Among these is a growing awareness of the 
heterogeneity of expression of ciliary dysmorphology associated with this 
condition. Schneeberger et al.°* have addressed this issue and docu- 
mented a variety of ciliary abnormalities in addition to the absence of dy- 
nein arms (Fig 5). Other studies also have continued to document the 
various dynein arm alterations in PCD,5°-5” : 

Although there is at least one report in the literature of normal ciliary 
ultrastructure in a patient with KS,°* the role of the dynein arms in the 
pathogenesis of PCD is virtually undeniable (see Fig 4). However, several 
other features of cilia also appear to be associated consistently with PCD. 
Sturgess et al.°? © have reported two such abnormalities, the absence of 
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FIG 5. 

Electron micrograph of microtubular additions in a patient with PCD. Similar pat- 
terns of both microtubular additions and deletions may occur in cilia from patients 
with other chronic diseases as well among individuals with acute viral upper respi- 
ratory infections. 


radial spokes (Fig 6) and the transposition of the no. 1 peripheral pair of 
microtubules to the center of the axoneme (Fig 7). Either of these config- 
urations would result in an axonemal organization inconsistent with ade- 
quate function relative to the sliding filament model of ciliary motility. Ad- 
ditionally, Schneeberger et al.°* have observed that the ciliary feet or 
spurs, lateral protrusions of the basal body, are unidirectionally oriented in 
normal human subjects but randomly oriented in patients with PCD (Figs 
8 through 11). These investigators also reported that the alignment of the 
central pairs of microtubules of adjacent cilia, rather than lying parallel to 
one another, lie randomly relative to one another among patients with 


PCD (see Fig 4). 


FIG 6. 

Electron micrograph illustrating the 
absence of radial spokes in a patient 
_ with PCD. (Courtesy of Drs. J.M. 
Sturgess and J. Chao.) 
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FIG 7. 

Electron micrograph illustrating 
transposition of a peripheral 
microtubular pair to the central position. 
(Courtesy of Drs. J.M. Sturgess and J. 
Chao.) 





Screening for Primary Ciliary Dyskinesia 


Unequivocal diagnosis of primary ciliary dyskinesia requires electron mi- 
croscopic documentation. However, there are several avenues of investi- 
gation to assist the clinician in making a presumptive diagnosis of this con- 
dition. First, other major chronic diseases such as cystic fibrosis, allergies, 
and immune deficiencies must be ruled out. Subsequently, the determi- 
nation of a lifelong history of chronic sinusitis, bronchitis, and bronchiec- 
tasis should alert the physician to the possibility of PCD. Documentation 
of situs inversus in the patient, a sibling, or close relative is very pertinent 
given the close relationship of KS to PCD, although one should be mindful 
that approximately half of the cases of PCD do not exhibit dextrocardia. 
Other peripheral but related factors of which the physician should be 
aware include living but immotile spermatozoa among males, inability to 





FIG 8. 
Cross sections of basal feet (arrows) in nasal epithelium of a normal subject illus- 
trating parallel alignment. 
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FIG 9. 


Cross sections of basal feet (arrows) in nasal epithelium of a patient with KS illus- 
trating nonparallel positions reflecting altered beat directions. 





FIG 10. 
Longitudinal sections of basal feet (arrows) in nasal epithelium of a normal subject 
illustrating proper mutual alignment. 
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FIG 11. 
Longitudinal sections of basal feet in nasal epithelium of a subject with KS illus- 
trating misdirected orientation of basal feet. 


conceive among females, headaches, chronic cough, and absent or dimin- 
ished mucociliary clearance. Given the presumptive diagnosis of PCD 
based on these findings, the final step to confirm PCD is by the electron 
microscopic evaluation of ciliary defects characteristic of the condition. 

For patients referred to our laboratory, we have found the nasal curett- 
age procedure a useful means for documentation and evaluation of ciliary 
defects in PCD. While samples of ciliated epithelium or flagellated cells 
obtained in the course of other procedures can be used for evaluation, the 
ciliated mucosa lining the nasal turbinates can be retrieved for this purpose 
in a virtually painless, minimally invasive fashion. This technique has been 
described using either a cytologic brush or a Freimuth curette®!: © and can 
be applied with facility in small children and infants as well as adults. We 
presently use an inexpensive, commercially available, disposable curette 
for this purpose. Using an otoscope for illumination the curette is gently 
drawn over the inferior surface of the turbinate under direct vision with no 
local anesthetics. The tissue obtained can be examined directly by light 
microscopy using either phase contrast or differential interference contrast 
(Nomarski) optics for the presence and extent of ciliary activity. Addition- 
ally, the mucosa can be fixed for histologic screening and subsequent elec- 
tron microscopic evaluation by immersion of the curette into a conven- 
tional fixative appropriate for such study. Exact cross sections through the 
cilia afford the optimal view for evaluation. Particular care should be given 
to the evaluation of dynein arms inasmuch as a regular spacing of approx- 
imately 24 nm occurs between the adjacent dynein arms positioned along 
the length of individual microtubules. Thus, a cross section through an 
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individual cilium may pass through some arms and miss others suggesting 
that some arms are missing. To avoid this misinterpretation, an adequate 
number of cilia must be examined. 


Primary Ciliary Dyskinesia in Pediatrics 


The clinical manifestations of PCD are several and can generally be appre- 
ciated in view of the diminished ciliary function at the affected site. Babies 
with PCD may present with respiratory distress and mucopurulent nasal 
secretions and cough. Hemophilus influenzae is a commonly isolated 
pathogen although other pathogenic bacteria also appear.°>©’ These early 
infections are a prelude to chronic or recurrent sinus and bronchial infec- 
tions.°” © In childhood, nasal secretions and the development of nasal 
polyposis are continuing problems and may mandate tonsillectomy, aden- 
oidectomy, and/or other surgical interventions.®* ©”! Atelectasis and 
bronchiectasis also may begin early in childhood.™ 72 Among children 
with PCD, recurrent otitis media with effusion and occlusion of the eusta- 
chian tubes are common; however, these problems generally attenuate 
with age although some hearing loss may occur. 79 In a similar vein, 
patients with PCD have a poor sense of smell, a factor probably less re- 
lated to the structural dysmorphology of the cilia than to nasal congestion 
and/or inadequate mucus flow. 

Although the ependyma of the brain possesses a ciliated epithelium, ov- 
ert neurologic manifestations of PCD relative to pediatric populations are 
not well known. A single case report documents PCD in a 12-year-old boy 
who had hydrocephalus as an infant.’”° The condition was treated by sur- 
gical intervention and the youth had normal intelligence. Severe head- 
aches often are reported by patients with PCD,’° a symptom that could be 
reflective of reduced circulation of cerebrospinal fluid associated with com- 
promised ciliary activity. However, it is equally plausible that chronic sinus 
infections among PCD patients also may contribute to headache. ”4 


Clinical Aspects of Infertility in Primary Ciliary Dyskinesia 


The upper respiratory tract and otologic manifestations of PCD are among 
the most significant in pediatric populations. However, problems of infer- 
tility, while not exclusive of pediatric patients, are a pertinent concern to 
adult patients. In general, males with PCD have spermatozoa with little or 
no motility and are thus thought to be generally infertile*” 7° 7”; however, 
there is anecdotal evidence that men with PCD have fathered children. 
Thus, the issue of male infertility in PCD remains somewhat unresolved. 
The role of ciliary motility in the infertility of females with PCD also 
is suggestive but not definitive. Inasmuch as collateral mechanisms 
may contribute, ciliary competence appears to be not absolutely requisite 
for the transport of the ovum. One study reported that among one group 
of 12 women with PCD seeking to conceive over a period of 3 years, 
three fourths had not been able to do so.’’ In a separate report,” the 
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immotility of both respiratory and oviductal cilia as well as the absence 
of dynein arms was documented in an infertile woman with KS. 


Animal Models of Primary Ciliary Dyskinesia 


A number of experimental models of ciliary and flagellar structure and 
function have been identified. Among these, several ciliary mutants among 
certain eukaryotic protists, particularly Chlamydomonas moewusii and Par- 
amecium tetraurelia are known.’” 8° Among mammals, mutant mice with 
varying phenotypic expressions of some of the features of PCD have been 
described.®! However, the most promising mammalian model of PCD 
identified to date appears to be among dogs in which classical clinical signs 
and ultrastructural findings characteristic of PCD have been documented.®” 


The Relationship (or Lack Thereof) of Primary Ciliary 
Dyskinesia to Other Chronic and/or Congenital Diseases 


The relationship of KS to PCD is well established. While it is clear that 
PCD can occur in the absence of situs inversus, the clinical findings of 
chronic sinusitis and bronchiectasis develop from early life and are char- 
acteristic. Also, because of the apparent autosomal recessive nature of in- 
heritance,*” *© 83 PCD with situs inversus may appear among other close 
relatives. 

Individuals with situs inversus have a normal albeit reversed body asym- 
metry, whereas in polysplenia and asplenia syndromes there exists a mir- 
ror-image symmetry of the viscera. Several reports have identified familial 
relationships®* 8° in which one individual has polysplenia or asplenia, the 
other has KS, and both exhibit dysmorphic cilia with defective dynein 
arms. Thus, there appears to be an apparent, although presently unclari- 
fied, relationship between polysplenic and asplenic syndromes and PCD. 

The hallmarks of cystic fibrosis (CF) are pancreatic insufficiency, altered 
sweat chloride, viscid mucus secretions, and severe chronic respiratory dis- 
ease. It is the most frequent lethal heritable syndrome among Caucasians 
and its respiratory manifestations may mirror those of PCD to the point of 
occasional misdiagnosis. However, unlike PCD patients, mucociliary clear- 
ance and apparent effective ciliary activity can be demonstrated in individ- 
uals with CF.°° 8? Additionally, the ultrastructure of the cilia among pa- 
tients with CF appears normal with the caveat that certain acquired ciliary 
defects most likely resulting from infection may appear. However, it is clear 
that an index ciliary lesion specific for CF does not occur, whereas individ- 
uals with PCD do express disease-specific ultrastructural level lesions. 
While there is no direct evidence of a genetic link or relationship between 
CF and PCD; it is noteworthy that two case reports have documented 
individuals with both CF and PCD.*®: ®? 

Young’s syndrome” is a clinical entity thought possibly to be of genetic 
origin.”” It is mentioned because of its similarity to CF and to PCD in its 
pulmonary manifestations and its relevance to male infertility. However, 
patients with Young’s syndrome appear to have generally normal 
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cilia.?” °° Young’s syndrome males exhibit normal spermiogenesis,” 4 
their infertility being derived from azoospermia due to an idiopathic ob- 
struction of the vasa efferentia. While some of the clinical findings in 
Young’s syndrome also are similar to those seen in CF, the characteristics 
of the secretions are normal and there is no pancreatic insufficiency. 

Retinitis pigmentosa (RP), a hereditary disease characterized by retinal 
degeneration, may have as its pathophysiologic basis ciliary defects in the 
modified cilia of the retina. Several reports have documented the increased 
prevalence of abnormal cilia in the nasal epithelium as well as reduced 
fertility of individuals with RP.** 7° There is a subgroup of individuals with 
RP who experience early deafness which similarly has been postulated to 
be due to a defect of the sensory hairs on the cells of the inner ear” and 
is called Usher's syndrome. The possibility of a relationship between RP 
and/or Usher’s syndrome and PCD is intriguing. Ciliary pathophysiology 
appears as a plausible basis for all three conditions although RP and Ush- 
ers syndrome appear to affect mainly the monociliated sensory cells 
whereas PCD involves multiciliated cells. Both conditions exhibit a reduced 
level of fertility and similar ultrastructural level ciliary and/or flagellar le- 
sions. There is a clear commonality between the two conditions and it 
appears likely they are related in some as yet undetermined way. 


Acquired Ciliary Defects 


Although the etiology of acquired ciliary defects can be distinguished from 
congenital forms, their clinical and ultrastructural manifestations often may 
appear disturbingly similar. Because congenital ciliary abnormalities are he- 
reditary, important distinguishing factors are their quantitative abundance 
and anatomic pervasiveness whereas acquired ciliary defects generally are 
more structurally diverse and quantitatively variable. Acquired ciliary de- 
fects and concomitant mucociliary dysfunction appear in the respiratory 
airways as a consequence of various insults such as irritation by air pollu- 
tants and infection by microbial pathogens. This spectrum of acquired cili- 
ary defects is different in acute and chronic disease states. 


Acquired Ciliary Defects in Acute Respiratory Disease: 
Experimental and Clinical Observations 


Acute injury to the airway mucosa of otherwise normal healthy humans by 
toxic or infectious agents is inevitable. The severity of the insult may range 
from mild discomfort to a fatal encounter. While the highly coordinated 
mucociliary escalator represents a first line of defense to the entire respi- 
ratory system, the ciliated cells composing much of the mucosal border are 
themselves vulnerable to injury. It appears likely that certain acquired cili- 
ary defects develop immediately or within a relatively short time following 
an insult, whereas others appear to be derived along different develop- 
mental lines and may require a more extended period of time for their 
expression. 
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Although compound cilia are hallmark features of chronic respiratory 
diseases, they also have been documented as ciliary defects of acute cause 
in inhalation toxicology studies among human subjects.”© While the mech- 
anism(s) whereby compound cilia are formed is uncertain, it appears likely 
that the membrane integrity of adjacent extant or developing cilia may be 
compromised in a way that facilitates membrane fusion. Other exposure 
studies of ambient air pollutants?’-”? also have suggested that compro- 
mised mucociliary clearance, possibly brought about by ciliary injury, plays 
a role in air pollutant—induced airway disease. 

Pathogenic microbiologic agents also have been found to induce ciliary 
defects in airway epithelium. Carson et al.!°° demonstrated that experi- 
mental infection of tracheal organ cultures by Mycoplasma pneumoniae 
elicited changes in the configuration of the host tissue ciliary membrane. 
Collier and Baseman?! had previously shown the attenuation of ciliary 
beat in tracheal organ cultures similarly infected with this agent. The con- 
sistency of these findings with clinical studies on naturally acquired M. 
pneumoniae disease!” illustrates the efficacy and importance of experi- 
mental models in elucidating basic pathophysiologic mechanisms. The ba- 
sis for mycoplasmal disruption of ciliary structure and function may reside 
in two characteristics: its production of hydrogen peroxide as a respiratory 
end product! and the ability of the organism to inhibit host cell cata- 
lase.'®* Similar mechanisms also may be operative in bacterial infections. 

In addition to the potential for ciliary membrane damage, internal struc- 
tures of the cilium may be disposed to structural modifications by acute 
insults to the airways as well. Carson et al,!°° reported the appearance of 
aberrations of microtubular configuration in the nasal mucosal cilia of a 
group of children enrolled in day care and presenting with naturally ac- 
quired, culture-documented viral infections of the upper respiratory tract 
(Fig 12). Because of the complexity of organization of the various axone- 
mal elements, it was proposed that these aberrant cilia were derived from 
errors of assembly during ciliogenesis rather than a de novo change in the 
microtubular configuration of mature, extant cilia. The specific mechanism 
whereby virus infection might lead to such ciliary changes remains uncer- 
tain. 


Acquired Ciliary Defects in Chronic Respiratory Disease 


There is good evidence that recurrent infection or other chronic insults to 
the respiratory airways exacerbate existing chronic disease states and in- 
crease the risk for the development of chronic respiratory disease among 
healthy individuals. Features of PCD and the clinical and ultrastructural 
hallmarks facilitate diagnosis of this condition. However, individuals with 
PCD also frequently exhibit a spectrum of ciliary defects that can be distin- 
guished as acquired. Additionally, individuals with other non-PCD chronic 
respiratory diseases including carcinoma, cystic fibrosis, bronchiectasis, and 
recurrent infection also may exhibit similar ciliary defects though acquired. 
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FIG 12. 
Cross sections of cilia from a normal (viz. without chronic disease) child with an 
acute viral upper respiratory infection illustrating microtubular additions and dele- 
tions and the misalignment of central microtubular pairs of adjacent cilia. 


Changes in ciliary membrane structure are among most common of the 
acquired ciliary defects seen in chronic respiratory disease. Compound cilia 
and protrusions of the ciliary membrane are a prominent feature of a va- 
riety of chronic respiratory diseases (Figs 13 and 14).!°°1 Recurrent bac- 
terial infections are a characteristic trait of many chronic airway diseases 
and some of these agents appear capable of producing metabolites that 
interfere with ciliary beat’?°"!? and may disrupt ciliary structural integ- 
rity.1)2 A further deleterious factor occurring in the presence of bacterial 
infection and in allergic responses is the interference of ciliary activity by 
leukocyte enzymes.’!* *!* Thus, the individual with chronic disease is 
caught in an unfortunate cycle of harboring pathogens capable of altering 
ciliary structure and function as well as generating a defective host defense 
against those pathogens that also may be implicated in compromising cili- 
ary function. 

While changes in ciliary membrane structure appear to be among the 
most common acquired pathologic features of cilia in chronic disease in- 
cluding PCD, axonemal microtubular alterations also have been re- 
ported.1!© The mechanisms leading to the appearance of these patterns in 
individuals with chronic respiratory disease may be similar to that proposed 
by Carson et al.!°° in acute viral upper respiratory infections where con- 
ditions or pathogens capable of effecting errors in ciliogenesis are present. 
For example, an experimental study by Heino and Laitenen’!° docu- 
mented the ciliogenesis-altering toxic effects of oxygen on rats exposed to 


158 / J.L. Carson and A.M. Collier 





FIG 13. 

Compound (CC) and internalized (IC) cilia in a child with bronchiectasis of un- 
known cause. The appearance of compound cilia is highly correlated with many 
chronic airways diseases. Internalized cilia are less prevalent and may represent 
anomalous primary cilia. 





FIG 14. 

Aberrations of ciliary membrane integrity are commonly seen in chronic airways 
diseases particularly among individuals with bronchiectasis. This photomicrograph 
illustrates protrusions of the ciliary membranes in the nasal epithelium of a child 
with PCD that are reflective of this acquired ciliary defect. 


Ciliary Defects: Cell Biology and Clinical Perspectives / 159 


pure oxygen for up to 24 hours. A subsequent clinial study by Lee and 
colleagues!'” demonstrated the appearance of ciliary microtubular defects 
consistent with errors of ciliogenesis in the nasal epithelium of a child with 
bronchopulmonary dysplasia who had been receiving supplemental oxy- 
gen for an extended period. 

Several reports have documented other noteworthy changes in ciliary 
ultrastructure and alignment that appear to be acquired in various chronic 
disease states. These include the appearance of excess matrix surrounding 
the internal axonemal elements!’® and the appearance of ciliary shafts se- 
questered in the cytoplasm (see Fig 13).1!? 

While the changes previously described are well documented, clinicians 
should exercise caution in analyzing the appearance of such changes 
and in concluding their suspected relevance to clinical presentations. 
Several reports’!® 12° 121 have pointed out that dysmorphic cilia can be 
found in specimens of ciliated mucosa from healthy asymptomatic 
subjects. ; 


De 
Summary 


Considerable progress has been made in achieving a perspective of the 
pathophysiology of ciliary defects in human disease in the interval between 
Siewert’s and Kartagener’s early descriptions of KS. Not only have we 
achieved a better understanding of some of the mechanisms involved in 
the pathogenesis of congenital ciliary syndromes, but also we have come 
to appreciate a new spectrum of ciliary defects, those of acquired etiology. 
The advent of modern electron microscopy has been a significant element 
to this progress and its importance is reflected by the numerous studies of 
ciliary defects that have come in the wake of the pioneering ultrastructural 
investigations of Afzelius and colleagues. However, each discovery appears 
to generate additional questions. This is indicative of the importance of the 
subject to both basic and clinical science and of the vitality of the investi- 
gators in this field as a comprehensive understanding of ciliary diseases is 
sought. 
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Natural History 


Insulin-dependent diabetes mellitus (IDDM) is one of the most common, 
debilitating chronic illnesses of children and young adults. Lifelong daily 
commitment to multiple insulin injections, blood glucose determinations, 
and dietary and exercise constraints is demanded in the hope of prevent- 
ing the morbidity and the mortality associated with this disease. Unfortu- 
nately, retinopathy, nephropathy, neuropathy, myocardial infarction, 
stroke, and peripheral vascular disease are common sequelae. These com- 
plications result in a 50% mortality after 30 years of the disease.’ Normal- 
ization of the metabolic abnormalities theoretically should prevent the de- 
velopment of these complications. Yet, despite recent advances in home 
glucose monitoring and insulin delivery methods, normoglycemia can 
rarely be sustained for more than a few months. Because conventional 
methods have failed to prevent the complications of IDDM, interest in pos- 
sible means of disease prevention is intense. A major focus of research has 
been directed at the natural history and underlying autoimmune mecha- 
nisms leading to the loss of B-cell function. 

Recent studies indicate that IDDM is not a disease of acute onset, as 
previously thought, but a disease with a prolonged preclinical phase.2~* An 
autoimmune pathogenesis rather than an infectious etiology is now 
thought to be the mediator of islet cell destruction. The concept of auto- 
immunity in IDDM is based on the following: 
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p Association with the immune response genes of the HLA-D re- 
gion. 

2. Presence of autoantibodies to islet antigens, i.e., cytoplasmic 
(ICA)!®° or surface (ICSA),?!-*2 as well as antibodies to insulin 
(INSAB).??-2° In addition, autoantibodies to other endocrine tissues, 
e.g., thyroid microsomal antibodies (TMA),2”*° thyroglobulin anti- 
bodies, gastric parietal cell antibodies (PCA),?! and adrenocortical 
antibodies (ACA),22~*° are more frequent than expected among pa- 
tients with IDDM. 

3. Increased incidence of other autoimmune diseases in patients with 
IDDM or in their family members.°* °° 

4. Lymphocytic infiltration (insulitis) of the islets at the time of diagno- 
sis. 

5. Abnormalities in cell-mediated immunity.*°*° 

Further evidence for immunologically mediated {-cell destruction comes 
from the recent reports of improved insulin production in association with 
immunosuppressive therapy in newly diagnosed IDDM.*°°° The availabil- 
ity of two animal models of IDDM, the nonobese diabetic mouse (NOD) 
and the bio-breeding rat (BB/W), has allowed further studies of the au- 
toimmune process involved.°!~** Both animal models have diabetes re- 
sulting from severe insulin deficiency. The pancreatic insulitis lesion is sim- 
ilar to IDDM in man. Diabetes occurs spontaneously after a few months of 
life and is linked to the genes of the major histocompatibility complex. 

A possible natural history of autoimmune IDDM is summarized in Figure 
1. There is a genetic predisposition to the development of IDDM, although 
not everyone with these “at-risk” genes will develop IDDM, indicating an 
environmental factor(s) may be responsible for the initiation of the autoim- 
mune process. Such an environmental insult would have to have occurred 
months or years before the onset of clinical symptoms, as a pre-clinical or 
asymptomatic phase has been identified.°* ©? This phase is characterized 
by the presence of detectable immunologic abnormalities such as ICA and 
decreasing insulin secretion to various secretagogues, particularly to IV glu- 
cose. At the onset of clinical diabetes, as many as 90% of the insulin- 
producing B cells have been destroyed. This chapter summarizes the re- 
cent developments that have led to the conceptualization of IDDM as an 
autoimmune disease with a long prodromal phase. 


a 


Genetic Predisposition 


Family History 


Familial occurrences of IDDM are frequently encountered. The reported 
prevalence in siblings of children with IDDM is approximately D7, a 15- 
to 20-fold greater risk than the general population.” The risk for the second 
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of an identical twin pair to develop IDDM after diagnosis in the first is 
between 30% and 50%.?* ©! The prevalence of IDDM in offsprings of an 
IDDM parent varies from 2% to 6%. The higher frequency occurs if the 
father has IDDM.° The majority of patients with IDDM, however, lack any 
history of the disease in their families. 


eS ee ee 
HLA Genes 


The association of IDDM with the B8 and B15 alleles of the B locus of the 
major histocompatibility region on the short arm of the sixth chromosome, 
was reported 15 years ago” and confirmed.® ’ More recently, the primary 
association has been shown to be in the D (DR) region. The B8 allele was 
found to be in linkage disequilibrium with the DR3 allele and the B15 
allele with the DR4 allele. Nearly 95% of patients with IDDM have a DR3 
or DR4 allele, with 40% heterozygous for both DR3 and DR4. On the 
other hand, 60% of the general population have either a DR3 or DR4 
allele. Thus, one of the unanswered questions in the genetics of IDDM is 
why everyone with a DR3 or DR4 allele does not develop IDDM. It is rare 
that individuals with IDDM don’t have a DR3 and/or DR4 allele, which are 
much less common in the nondiabetic. In individuals with only one DR3 
or DR4, the DR1 allele is significantly more common than expected. 1° 
Thus, DR1 appears to be an additional “at-risk” allele with the established 
diabetes-associated DR3 and DR4 alleles.!° Two alleles, DR2 and DR5, 
are rarely found in patients with IDDM and have been proposed as pro- 
tective alleles.! 

With the recent development of DNA probes used in restriction fragment 
length polymorphism (RFLP) analyses, groups have attempted to deter- 
mine differences in the serologically defined DR3 or DR4 alleles between 
patients with or without IDDM. In addition, genes in the DQ region, a 
region tightly linked to the DR region, have been proposed as the “IDDM 
risk” genes."' Analyses of RFLP results to date have lead to several con- 
clusions. 

First, serologically defined DR and DQ haplotypes are heterogenous 
with respect to RFLPs. Many of the RFLPs were allelic, either alone or in 
combination with other fragments. Nepom and colleagues’? separated the 
DR4-Dw4 DQw3 haplotype into 3.1 and 3.2 alleles on the basis of the 
presence (DQw3.1) or absence (DQw3.2) of a 3.7kb DQB BamHI frag- 
ment. The DQw3.1 allele corresponded to the antigenic epitope TA10 
which is specifically recognized by a monoclonal antibody. But Kim et al. 
concluded that this was a haplotype marker rather than a disease marker. 
Cohen-Haguehauer et al.'* identified a DR8 Taq 12.7kb fragment as part 
of an extended serologically defined B8-DR3 haplotype. 

Second, the presence or absence of certain fragments or group of frag- 
ments have either a positive or negative association with IDDM. Owerbach 
et al.’° demonstrated that a DQB BamHI 3.7kb fragment, alone or in com- 
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bination with other fragments, is significantly decreased in IDDM patients 
with a serologically defined DR4 allele. In a similar manner, we’® demon- 
strated, in homozygous DR4 or heterozygous DR3/DR4 individuals, that a 
specific pattern of DQB fragments had a significant negative correlation 
with IDDM. Although DR2 is thought protective for IDDM, Cohen et al.*” 
demonstrated that lack of a DQB EcoRI 2.2kb fragment correlated with 
IDDM among those patients with a DR2 allele. 

HLA-DR-associated genes account for most of the genetic influence on 
IDDM susceptibility. However, other genetic factors associated with in- 
creased risk of developing IDDM include male gender, thyrogastric auto- 
immunity, immunoglobulin allotypes, and insulin gene polymorphisms. 


Gender 


In most autoimmune diseases, females tend to be affected at least twice as 
frequently as males.*° However, in those who develop IDDM before the 
age of 5, males predominate.®* © A classification of IDDM into types la 
and 1b has been based on differences in sex and expression of autoim- 
mune diseases.®° Type 1a is characterized by early onset of IDDM, male 
sex, and decreased frequency of autoantibodies and associated autoim- 
mune diseases. Type 1b is characterized by older age of onset of IDDM, 
female sex, and frequent association of autoantibodies and autoimmune 
diseases. The authors of this classification also proposed that type la is 
viral mediated whereas type 1b is the autoimmune form of IDDM. 
Whether this classification will survive after the ongoing longitudinal studies 
are evaluated remains to be seen. We doubt that IDDM can be classified 
so simply. 

Warram et al.°“ demonstrated a sexual bias in the transmission of IDDM 
from parent to offspring. Diabetes was five times more frequent in children 
of IDDM fathers than of affected mothers. In addition, parental gender 
affects the transmission of the HLA-DR “at-risk’’ alleles.°° Transmission to 
offspring of paternal DR4 alleles was increased compared with maternal 
DR4 alleles, whereas transmission of the DR3 allele appeared to be equal 
from mothers and fathers.°° 


| © 





Thyrogastric Autoimmune Genes 


Patients with IDDM are at risk for other autoimmune diseases such as 
Hashimoto’s thyroiditis, Graves’ disease, and pernicious anemia. to 
Family members of an IDDM proband also have an increased incidence of 
these autoimmune diseases.°” °° Since IDDM segregates with certain 
HLA-DR genes, we were surprised to find that thyroiditis (and/or thyroid 
antibodies) and pernicious anemia (and/or atrophic gastritis and/or parietal 
cell antibodies) occur in siblings without any associations with IDDM or 
HLA genes.°’ Thyrogastric autoimmunities did not segregate with HLA 
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haplotypes as did IDDM. Thus, thyrogastric autoimmunity appears to be 
an additional risk factor for IDDM with a separate genetic system.°”” 


Insulin Gene Polymorphisms 


Initial studies of the human insulin gene on chromosome 11 suggested an 
association between IDDM and RFLPs in the region 5’ to the gene.° This 
hypervariable region was classified into three groups by length of the DNA 
inserts. Class 1, 2 and 3 alleles contained approximately 45, 90, and 170 
tandem base repeats, respectively. There was an increased frequency of 
the class 1 allele in IDDM patients, but no segregation with HLA-DR 
genes. Recent studies have failed to confirm this association. 


Immunoglobulin Allotypes 


Certain combinations of HLA-DR phenotype and immunoglobulin heavy- 
chain, constant region allotype increased the relative risk of developing 
Graves’ disease or chronic active hepatitis. 1: 72 Thus, certain immunoglob- 
ulin allotypes were increased in frequency in IDDM patients.’* 74 Immu- 
noglobulin allotypes did not significantly influence the relative risk for 
IDDM associated with HLA-DR genes and probably contribute little to in- 
herited susceptibility for the disease. 


a 


Environmental Factors 


The importance of an environmental factor in the development of IDDM 
has been suggested from studies in monozygotic twins.°! Despite having 
the same genes as the affected twin, the second twin will develop IDDM 
only 30% to 50% of the time, Suggesting that a chance environmental 
encounter may be involved. In the BB/W rat or NOD mouse animal mod. 
els, the frequency of diabetes is never 100% even for animals reared on 
the same food and in identical environments. > 

Viruses 

With the recent demonstration of a prolonged preclinical phase, the role 
of viruses in the pathogenesis of IDDM needs to be reevaluated. The pos- 
sibility that an infectious agent was causing IDDM was derived from animal 
models and the observation of a seasonal variation in the onset of 
IDDM.’2*! Several viral agents (i.e., encephalomyocarditis virus and 
coxsackievirus B) are able to produce diabetes in mice.’® 7? One of the 
interesting phenomenon peculiar to these viruses is the need to passage 
them through pancreatic tissue in order to maintain their diabetogenicity. >? 
Serial passages through nonpancreatic tissue resulted in loss of diabeto- 
genic effects.°* In humans, antibodies to coxsackievirus were more com- 
mon in newly diagnosed patients with IDDM than in the general popula- 
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tion.®° Our laboratory and others could not confirm this finding.** ® In 
several case reports, coxsackievirus was cultured from the stools and even 
the pancreas itself in newly diagnosed patients with IDDM.°°** Mumps 
virus has also been implicated in the etiology of IDDM.®? One report that 
ICA were frequently found in children after mumps infection has not been 
confirmed.”° Obviously, there may be some cases of acute virally induced 
IDDM, but the role of viruses may be to acutely injure enough 8 cells to 
move one from marginal insulin reserve to inadequate. 

On the other hand, the role of rubella in the etiology of IDDM appears 
to be different and might be a prototype of viral induction of the autoim- 
mune process. Individuals who have been exposed to intrauterine rubella 
develop IDDM at a higher frequency than expected”!; however, this occurs 
in the second and third decades, 10 to 20 years from the initial exposure 
to the rubella virus. Since rubella has profound effects on the immune 
system,” perhaps the rubella virus initiates the autoimmune process that 
ultimately results in the destruction of the islets. 


Ingestions: Toxins or Dietary 


Animal models for chemically induced diabetes have been studied. The 
administration of streptozotocin (SZ) has been proposed as a model of 
chemically induced autoimmune diabetes because it results in lymphocytic 
infiltration of the islets and delayed £-cell necrosis.”° Multiple small doses 
of SZ after an interval of 5 to 7 days result in insulitis and hyperglycemia.”° 
Single low doses of SZ can induce diabetes after variable lag periods but 
is dependent on the strain, age, and sex of the mice.?? Whether the de- 
structive processes are primarily immunologically mediated is questioned 
because studies have shown that similar doses of SZ produced diabetes in 
immunologically incompetent nude mice (unpublished observations). After 
a single low dose of SZ, the islets were shown to have been damaged 
before any lymphocytic infiltration occurred.” In humans, the ingestion of 
a rodenticide (Vacor) has produced an acute onset of diabetes in which 
ICSA were detected.”© The immunologic component of this syndrome is 
still in doubt, as no other immunologic abnormalities were detected and 
the observation remains unconfirmed. 

The original report of a protective effect of breast feeding on the devel- 
opment of IDDM has not been confirmed.?’ Other studies have addressed 
the possibility of a dietary factor in diabetes.?*1°° Several studies in BB/W 
rats have demonstrated that substitution of dietary animal protein with veg- 
etable protein prevented spontaneous diabetes. ??-1™ Investigators from 
Iceland proposed that the maternal ingestion of smoked mutton, a tradi- 
tional Christmas food, might be a causative factor, as an excessive number 
of children born 8 to 9 months after Christmas developed IDDM.1” These 
provocative studies should be considered preliminary but underscore our 
need to search for a factor or factors that might initiate the immune re- 


sponse. 
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a 
Immunologic Abnormalities to Predict IDDM 


Immunologic abnormalities reported in IDDM can be grouped into hu- 
moral (antibody) and cellular (cell mediated), which occur long before the 
clinical onset of disease and support the belief that IDDM is an autoim- 
mune disease. 





Humoral Immunity 
Islet Cell Cytoplasmic Antibodies 


Several antibodies to islet cell antigens have been reported in patients with 
IDDM.'®-?° Antibodies to cytoplasmic antigens (ICA) are detected by in- 
direct immunofluorescence using unfixed “‘snap frozen” human pancreatic 
tissue.'8-*° Differences in assays in various laboratories!°*-!°° give some- 
what different results and have been the impetus for three.international 
workshops to standardize the method.’ 1°” A similar process of standard- 
ization and quality control of the assay for antinuclear antibodies was done 
in the early stages of its development and allowed investigators to establish 
more quickly clinical significance and usefulness. Studies in which fixed 
tissue was used do not correlate with those using unfixed tissue and appear 
to detect ICA not relevant to IDDM.!° 

ICA are present in approximately 75% of newly diagnosed patients with 
IDDM.”° ICA are polyclonal, have both x and X chains, and are repre- 
sented in all IgG subclasses with a predominance of IgG1.1°8 In patients 
with IDDM, ICA decrease in frequency with increasing duration of IDDM. 
They are found less frequently in black patients with IDDM and are more 
common in patients who are DR3/DR4 heterozygotes." The role of ICA 
in the pathogenesis of IDDM has yet to be defined; however, their impor- 
tance is that the presence of ICA may precede the development of IDDM 
by more than 8 years.°?©° : 

In a retrospective study of monozygotic twins who were initially discor- 
dant for IDDM, four of the five twins had ICA 5 to 8 years prior to their 
clinical onset of IDDM.°? A number of groups have ongoing prospective 
studies of families with IDDM.°*© The frequency of ICA in the nondi- 
abetic family members of IDDM probands varies from 0.9% to almost 
10% in different reports.°*©° In our studies, the frequency of ICA among 
all relatives averages 1.9%.°° Siblings had the highest frequencies of ICA 
(brothers, 2.8%; sisters, 2.3%), whereas parents of both sexes have lower 
but equal frequencies at 1.7%. The significance of ICA in nondiabetic in- 
dividuals appears to depend on age and/or relationship to the proband. 
Siblings and other ICA-positive individuals less than 20 years of age were 
more likely to develop IDDM.°° Whether all individuals with ICA’ will de- 
velop IDDM awaits the outcome of these prospective studies as the pre- 
clinical phase may last a decade or longer. 

In studies of organ-specific antibodies such as TMA, PCA, and ACA, 
approximately half of the patients have developed clinical disease of their 
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respective organs.?’-85 We would expect, therefore, that only a proportion 
of individuals with ICA will develop IDDM. ICA-positive nondiabetic Ad- 
disonian patients have not developed IDDM at the same rate that ICA- 
positive siblings of IDDM probands have, despite the presence of high ti- 
ters of ICA in these Addisonian patients. ICA have also been reported to 
disappear without the subsequent development of IDDM.!°-"!! The rea- 
son for the disappearance of ICA varies. Assay limitations such as observer 
bias of immunofluorescence from excessive background and differences in 
sensitivity of the pancreatic substrates are possible. In our tests, at least 5% 
of patients with ICA lose the autoantibodies from their sera upon follow- 
up without development of IDDM.'!? However, one such child with ‘‘dis- 
appearing” ICA on several samples after a positive result on an initial sam- 
ple nonetheless developed IDDM. The titer of her ICA may have dropped 
below the detectable limits or disappeared prior to onset of IDDM. Other 
groups have reported higher rates of disappearance of ICA.1!® 1!!! These 
same groups also find ICA at a higher frequency in families with IDDM 
probands.** °* Their assays might be more sensitive, at the expense of 
specificity (higher false positive rates). Complement-fixing ICA have been 
reported to be more predictive of IDDM than the standard assay for 
ICA.*?2-114 Tn our tests, the assay for complement-fixing ICA identifies the 
higher titered ICA.'!* One group requires the presence of ICA in three 
serial samples of blood for the patient to be classified as positive.!!° 

Identification of ICA in an individual without IDDM is associated with 
increased levels of anxiety.'’® Although most have coped well after being 
told of the results, a high false positive rate from a very sensitive assay 
cannot be tolerated for a disease in which early diagnosis currently has 
little to no benefit. Once viable prevention of IDDM is achieved, however, 
then a high false positive rate does less harm and may be needed in order 
to identify most predisposed individuals. 

Irvine and colleagues’?” 1"° in a study of type II patients found that the 
determination of ICA could identify IDDM prior to the onset of clinical 
disease and predict the need for insulin therapy. Thus, those patients who 
initially presented with the clinical features of type II diabetes and had ICA 
were likely to deteriorate to insulin dependence.'!” 1!8 More recent studies 
have shown that insulin response after an intravenous (IV) glucose toler- 
ance test may be a better predictor of eventual need for insulin.’?? 
Whether ICA in gestational diabetes would predict those individuals who 
would eventually develop IDDM remains to be determined.'”° In our ex- 
perience, ICA are rare in patients with clinically defined gestational diabe- 
tes. We have now followed three pregnancies in women who were ICA 
positive prior to conception. No glucose intolerance occurred during the 
pregnancies and none have developed IDDM to date. 


Islet Cell Surface Antibodies 


Within weeks of the report of ICA, ICSA reactive to the surface of a malig- 
nant human insulinoma cell line were described.’ Since that report, sev- 
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eral different cell substrates of animal origin have been used in the indirect 
immunofluorescent assay for ICSA.”? Another antibody to surface protein 
has been demonstrated by *°S methionine labeling of rat islets and 
immunoprecipitation!2» !?? of detergent extracts by patient sera. Although 
all of these antibodies are technically called ICSA, the different assays 
probably reflect antibodies to different B-cell antigens. The clinical useful- 
ness of ICSA is limited by the difficulty of the assays, the lack of suitable 
human substrates, and the false positive rate of up to 15% in control sub- 
jects. 2” ie 


Insulin Antibodies 


Antibodies to endogenous insulin have been detected in newly diagnosed 
patients with IDDM even prior to the administration of insulin.22-2° These 
may be of prognostic value, particularly in younger patients. In one study, 
30% of a selected group of nondiabetic individuals who later developed 
IDDM had INSAB.*° In our studies, the presence of INSAB in a nondi- 
abetic individual with ICA was associated with significantly lower insulin 
responses to intravenous glucose.”° Thus, the presence of both ICA and 
INSAB appears to have an enhanced likelihood to develop IDDM. 
Whether INSAB alone could be of value to screen for IDDM is being tested 
in a prospective study. Considerabie interest in the outcome of such stud- 
ies exists, since the assay for INSAB lends itself to automation and mass 
screening. 


Thyroid Microsomal Antibodies 


The presence of TMA is diagnostic of thyroid autoimmune disease, such 
as Graves’ or Hashimoto’s disease. Graves’ disease tends to occur before 
or at the onset of IDDM, whereas hypothyroidism is more likely to occur 
after the onset of IDDM.*’ As thyroid disease is a frequent occurrence in 
IDDM patients, particularly female patients, we have recommended that all 
patients with IDDM be tested for TMA.2° 2” Female siblings and mothers 
are also at significant risk for thyroid disease and should be evaluated, 
particularly if the proband has TMA or thyroid disease.3> 3° Those found 
to be positive should be followed with annual determinations of thyroid 
function studies. 


Gastric Parietal Cell Antibodies 


The presence of PCA are diagnostic of autoimmune atrophic gastritis and 
pernicious anemia.*! These diseases are also more common in IDDM pa- 
tients and in their family members.*> °° However, pediatricians are un- 
likely to see the sequelae of PCA in their patients with IDDM as these 
diseases tend to occur after 20 years of age. For PCA-positive older family 
members, the search for pernicious anemia is more rewarding. 


Adrenocortical Antibodies 


Schmidt's syndrome, the association of thyroid autoimmune disease and 
Addison’s disease, was expanded to include IDDM. !24 Addison’s disease is 
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more likely to occur in adult females with IDDM. Although adrenal insuf- 
ficiency is rare in children, ACA can be found in 1.8% of children with 
IDDM who are at risk of developing Addison’s disease.°” 3° The presence 
of ACA in an asymptomatic individual is occasionally associated with bio- 
chemical evidence of compensated adrenocortical insufficiency and with 
normal concentrations of cortisol and aldosterone but elevated plasma 
renin activity and ACTH levels.*? In our experience, individuals with ACA 
and these biochemical abnormalities have subsequently developed Addi- 
son’s disease. Routine screening for ACA in IDDM is probably not justified 
because of the low yield; however, adrenal insufficiency, if undiagnosed, 
might mimic diabetic ketoacidosis with a fatal outcome. But, screening of 
IDDM with TMA or thyroid disease would detect the majority of the pa- 
tients at risk. 





Cell-Mediated Immunity 


The initial reports of cell-mediated immune defects in patients with estab- 
lished IDDM were done to explain the increased frequency of infections in 
IDDM.*° The abnormalities found in the mixed lymphocyte culture or lec- 
tin stimulation assays were dependent on the metabolic state of the patient 
and not on the underlying immune process.*” However, with the ability to 
identify the ‘prediabetic’ individual using ICA, the role of cell-mediated 
immunity in IDDM can be studied without the confounding problems of 
the metabolic abnormalities. 

Insulitis and the destruction of pancreatic B cells are the pathologic hall- 
marks of IDDM.2” 3° The mononuclear (lymphocytic) infiltration of the 
pancreatic islets (insulitis) of newly diagnosed IDDM suggests that these 
cells are responsible for the @-cell destruction.*° Immunofluorescent stain- 
ing of these cells in the few pancreases so far able to be studied revealed 
that cytotoxic/suppressor T cells (CD8 positive) were the principal lympho- 
cyte population although all cell types were present.” Increased expres- 
sion of DR antigens is considered to be the sine qua non of T-cell activa- 
tion.!2° The majority of the infiltrating lymphocytes expressed DR antigen 
and the IL-2 receptor, which indicates T-cell activation.*? Increased expres- 
sion of DR antigens but not IL-2 receptor were detected on the lympho- 
cytes from four patients with recurrent insulitis following pancreatic trans- 
plantation.2? The abnormal presence of activation antigens on peripheral 
blood T-lymphocytes has been reported in several immunologically me- 
diated diseases, including IDDM.*’*° Unfortunately, studies of the per- 
centage of peripheral blood T cells expressing antigens of early activation 
in patients with newly diagnosed IDDM have been conflicting.“ ~~ Be- 
cause Janeway et al. © suggested that quantitative variations in DR anti- 
gen density on lymphocytes rather than the percentage of positive cells is 
central to the regulation of the immune response and autoimmunity, we 
determined the relative antigen density (RAD) of DR on the surface of 
peripheral blood T cells in our ICA-positive nondiabetic patients. Increased 
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RAD of DR was associated with ICA titer, the DR phenotype (DR3/DR4 
heterozygotes having the highest density), and diminished insulin re- 
sponses to IV glucose.*° Thus, the presence of activated T cells occurred 
primarily in those individuals who were most likely to deteriorate to 
IDDM.* If the ongoing immunologic activity in the pancreatic islets is re- 
flected in the peripheral blood, their determination would provide a means 
of monitoring intervention in the prediabetic phase. 


Metabolic Abnormalities in ‘‘Prediabetes’’ 


The end stage of the autoimmune destructive process in pancreatic islets 
is the loss of the ability to produce insulin. In longitudinal studies of twins 
and triplets, Soeldner and colleagues?” ©° demonstrated that the loss of 
the initial (first phase) insulin release after a bolus of IV glucose was the 
most predictive metabolic abnormality prior to the deterioration to clinical 
symptoms and insulin need. The first-phase insulin response is determined 
by summing the 1- and 3-minute insulin concentrations after the IV glu- 
cose. In nondiabetic ICA-positive patients, diminished first-phase insulin 
secretion to IV glucose appeared to be an ominous finding.°> 5° 5% © Jy 
our data, the first-phase insulin response to IV glucose was found to be 
significantly lower in ICA-positive relatives (163 + 127 »U/ml) than in 
ICA-negative relatives (204 + 111 wU/ml). Further, the insulin responses 
to IV glucose were significantly lower in ICA-positive siblings (104 + 66 
U/ml) than in the ICA-positive parents (201 + 143 wU/ml), consistent 
with our finding that siblings are more likely to develop IDDM. We have 
not found responses below 75 wU/ml in nondiabetic control persons. 
However, the first-phase insulin response to IV glucose, in our test, can be 
quite variable. Some of the variability may be due to the difficulties in the 
administration of the IV glucose, minor differences in the infusion rate, or 
variations in the state of hydration of the patient. In general, once the first- 
phase insulin response is below 75 wU/ml, it rarely becomes normal again. 
Further study is needed to determine if there is a point beyond which the 
patient will not improve spontaneously; if so, intervention studies would 
be possible at that point. 


Possible Prevention of Diabetes in Animal Models of IDDM 
and in Humans 


Dietary restriction of protein in the “prediabetic” stage of BB/W rats pre- 
vented the development of diabetes in these genetically predisposed ani- 
mals.?? No formal dietary studies have been attempted in humans, al- 
though we have anecdotal experience that might suggest such an effect, 
Protein restriction was implemented in one of our prediabetic ICA-positive 
patients; but insulin secretion failed to improve. 
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Nicotinamide is used by two groups in ICA-positive nondiabetic individ- 
uals in an attempt to prevent the development of IDDM. The rationale for 
this approach arises from observations that pretreatment with nicotinamide 
prevents the diabetogenic effect of SZ.!2° One study from Japan has 
shown that nicotinamide treatments could prevent diabetes in NOD 
mice. 127 

Another interesting approach was treatment of BB/W rats with insulin 
before the onset of clinical disease.'*® This therapy prevented the devel- 
opment of diabetes. This group of investigators used repeated blood trans- 
fusions as another means of preventing diabetes in the BB/W rat.!? These 
two studies were innovative in attempting to induce a state of immunologic 
tolerance to prevent diabetes. Other more traditional immunologic ap- 
proaches such as thymectomy and immunosuppression by chemotherapy 
have also prevented diabetes in BB/W rats.!°°-15* We have treated two 
adolescent girls who had ICA and falling insulin responses to IV glucose 
with azathioprine (Imuran). One gradually developed IDDM while being 
treated over 2 years, while the other has actually improved her insulin 
response on therapy.°9 

If the underlying mechanism of the islet cell destruction in IDDM is an 
autoimmune disease, then suppressing the immune response is an obvious 
approach. During the past several years, a number of immunotherapies 
have been used in newly diagnosed IDDM patients.40°® 134-188 

If antibodies such as ICA, INSAB, or ICSA were responsible for the islet 
cell damage, plasmapheresis might be beneficial. However, 11 newly di- 
agnosed IDDM patients underwent plasmapheresis with no significant ef- 
fect on glucose tolerance, although a transient decrease or loss of ICSA 
titers occurred.'** When IDDM was thought to be of viral etiology, two 
newly diagnosed IDDM patients were treated with gamma interferon with- 
out detectable effect.'%° Corticosteroids at various doses had little or no 
effect on glucose tolerance although increased urinary excretion of C-pep- 
tide did occur in one study.*” 136 *8? 

Several recent studies have demonstrated a beneficial effect of Imuran 
or cyclosporine in newly diagnosed IDDM patients.*°°° 13° These human 
studies had been preceded by reports from several groups using cyclos- 
porine to prevent diabetes in BB rats.'9° 18° The report by Stiller et al.*® 
suggested a beneficial effect in that 50% of their patients given cyclospor- 
ine, within 6 weeks of diagnosis could be maintained insulin free for 1 
year. Bach and colleagues*” demonstrated increased B-cell function (C- 
peptide response to insulin secretagogues) and lowered or eliminated in- 
sulin requirements with cyclosporine treatment. The effect was dose de- 
pendent, requiring whole blood trough levels of cyclosporine approaching 
300 ng/ml. Lack of weight loss at clinical onset of IDDM was associated 
with a favorable response to cyclosporine. The earlier the intervention, the 
more likely was a response to immunosuppressive therapy. The predi- 
abetes screening studies using ICA may be the key to improving the effec- 
tiveness of this approach. The toxicity of cyclosporine has limited its use- 
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fulness. The most serious side effect is a dose-dependent nephrotoxicity 
with interstitial nephritis, fibrosis, glomerulosclerosis and tubular atro- 
phy.!°? The presence of a therapeutic window may result in improvement 
in IDDM without inducing renal damage. 

Harrison’s group in Australia’S® has demonstrated prolongation of the 
remission period using Imuran in adults with newly diagnosed IDDM. We 
have used Imuran after induction with bolus pulses of methylprednisolone 
and high-dose prednisone.°? Approximately 40% of the treated patients 
have a significantly prolonged remission.°° Another group showed that in- 
tensified insulin therapy utilizing an artificial pancreas (Biostator®) totally 
suppressed endogenous insulin production for 2 weeks. This resulted in 
increased C peptide secretion and paradoxically continued insulin require- 
ments. 

All immunosuppressive therapies have several major disadvantages. The 
first is their oncogenic potential. Atypical B-cell lymphomas have been re- 
ported to be more common. This has been a major deterrent to their use 
in trials of newly diagnosed IDDM patients, as it impacts on the risk/benefit 
ratio. Second, all studies to date indicate that immunosuppressive therapy 
will be needed over the patient’s lifetime. When cyclosporin A or Imuran 
was discontinued in patients who developed a diabetic remission, insulin 
dependence returned within 1 to 8 weeks. Patients with pancreatic trans- 
plants have demonstrated that immunosuppression suppresses but does 
not eliminate pancreatic islet cell immunoreactivity. Studies have shown 
that the immune system is resistant and even retains the ability to respond 
to B-cell antigens for as long as 20 years after diagnosis. This immunologic 
memory was demonstrated by the recurrence of insulitis and IDDM in 
three sets of identical twins following pancreatic transplants.°° Here, non- 
diabetic identical twin donor pancreas developed insulitis, B-cell necrosis, 
and diabetes within weeks of transplantation. 

In summary, IDDM is an autoimmune disease in which the preclinical 
phase of IDDM can be identified by various immunologic abnormalities, 
the most important being ICA. We are approaching the possibility of alter- 
ing the natural history of IDDM in the prediabetic phase as the ability to 
more accurately predict impending disease continues to improve. Insulin 
replacement therapy may be replaced with some form of immune modu- 
lation for the prevention against IDDM. 


SS 
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Adverse reactions to foods have been implicated in the causation of many 
clinical problems ranging from life-threatening anaphylaxis to tension-fa- 
tigue syndrome. Indeed, the literature is replete with both documented and 
anecdotal accounts of symptoms attributed to food ingestion. Unfortu- 
nately, while some adverse responses such as anaphylactic (immunoglob- 
ulin E [IgE]-mediated) reactions have been systematically studied,’ the 
pathogenic role of food (if any) in other responses such as tension-fatigue 
syndrome, hyperkinesis, and others is still unresolved. This chapter reviews 
present knowledge regarding the relationships between adverse reactions 
to foods and the pathogenesis of three skin disorders in children: urticaria, 
atopic dermatitis, and dermatitis herpetiformis (DH). 


Ee er NS a ee La ee 
Terminology 


“Food allergy’ has been used as a generic term by both physicians and 
patients to refer to many different types of clinical reactions and has re- 
sulted in confusion in terminology. To standardize nomenclature, the 
American Academy of Allergy and Immunology Committee on Adverse 
Reactions to Foods has suggested that the following definitions be used in 
discussing aspects of food-induced reactions.° 

Adverse reaction to a food: Clinically abnormal response believed 
caused by an ingested food or food additive. 
*Supported by National Institutes of Health Grants 1-K08-HLO1147-01 and AI10404-16; 
grants AI24439 and AI00830 from the National Institute of Allergy and Infectious Diseases; 
and by grant RR-30 and RR-00052 from the General Clinical Research Centers Program of 
the Division of Research Resources, National Institutes of Health. 
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Food hypersensitivity (allergy): Immunologic reaction resulting from the 
ingestion of a food or food additive. 

Food anaphylaxis: Classic allergic hypersensitivity reaction to food or 
food additives involving IgE antibody and release of chemical mediators. 

Food idiosyncrasy: Quantitatively abnormal response to a food or food 
additive; response differs from its physiologic or pharmacologic effect and 
resembles a hypersensitivity reaction but does not involve an immune 
mechanism; an anaphylaxis-like reaction may be called “‘anaphylactoid.” 

Food intolerance: General term describing an abnormal physiologic re- 
sponse to an ingested food or food additive that is not proved to be im- 
munologic in nature; category includes idiosyncratic, pharmacologic, met- 
abolic, or toxic responses to food or food additives. 

Food toxicity (poisoning): Term implying an adverse effect caused by 
direct action of a food or food additive on host recipient without the in- 
volvement of immune mechanisms; nonimmune release of chemical me- 
diators may take place; toxins may be either from the food itself or from 
microorganisms; anaphylaxis-like reactions may be called ‘‘anaphylactoid.”’ 

Anaphylactoid reaction to a food: Anaphylaxis-like reaction to a food or 
food additive as a result of nonimmune release of chemical mediators. 

Pharmacologic food reaction: Adverse reactions to a food or food addi- 
tive as a result of a naturally derived or added chemical that produces a 
drug-like or pharmacologic effect in the host. 

Metabolic food reaction: Adverse reactions to a food or food additive as 
the result of the effect of the substance on the metabolism of the host 
recipient. 

As will be discussed, evidence indicates that foods may induce urticaria, 
atopic dermatitis, and DH through immunologic mechanisms. Thus, these 
conditions can be considered, at least in part, to be manifestations of food 
allergy or hypersensitivity in children. : 


Immunobiology of the Gastrointestinal Tract and Skin 


To understand how foods can induce cutaneous manifestations through 
immunologic mechanisms, an understanding of the major immunologic 
elements of both the gastrointestinal tract and the skin is essential. 


Gastrointestinal Tract 


Food molecules enter the intestinal epithelial cells in vacuoles following 
invagination of the plasma membrane. These vacuoles migrate centrally, 
coalesce, and merge with lysosomes. Most of the internalized protein is 
digested by lysosomal enzymes, but a small amount is extravasated into 
the basilar interstitial space, from which it can cross the basement mem- 
brane into the lamina propria.’ Within the lamina propria, food antigens 
can interact with various lymphocytes, macrophages, or mast cells. 
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Alternatively, food molecules may interact with immunocompetent cells 
in Peyer’s patches. Peyer’s patches are collections of lymphoid tissue that 
are prevented from exposure to the intestinal lumen by a layer of epithelial 
cells, termed M (membranous) cells, which differ morphologically from 
other intestinal epithelial cells. Peyer’s patches contain both T- and B-lym- 
phocytes. It appears that both T- and B-lymphocytes, following antigen 
exposure within the Peyer’s patch, migrate into the lymphatic system, en- 
ter in turn the thoracic duct and the systemic circulation, and eventually 
return to the lamina propria within the gastrointestinal tract. 

The humoral immune system of the gastrointestinal tract includes the 
local production of immunoglobulins A (IgA) and M (IgM). In adults, IgA- 
producing cells predominate, with IgM-producing cells the next most com- 
mon (6% to 18%). IgG-producing (3% to 4%) and IgE-producing and 
IgD-producing (<1%) cells can also be found.® ? Measurement of fecal 
IgA antibodies in bottle-fed, healthy infants suggests that the intestinal IgA- 
producing cell system may reach maturity as early as 1 to 2 months of 
age.'° It is felt that gut-associated immunoglobulins function in the defense 
against microorganisms and control of antigen absorption locally within the 
gut. In addition, antigen-specific antibody could combine with absorbed 
antigens, resulting in circulating immune complexes. IgE antibody, once 
formed, would bind to tissue mast cells or circulating basophils and, as 
discussed later, trigger mediator release following contact with antigen. 

Cell-mediated immunity involving activated T cells and macrophages 
can also be a factor both locally within the gut or distally following the 
circulation and translocation of antigen-primed T cells that originate within 
Peyer’s patches. Once activated, T cells release lymphokines that can both 
initiate and propagate immune defense mechanisms as well as hypersen- 
sitivity and inflammatory responses. 

An important limb of the allergic response to food antigens involves IgE 
antibody, mast cells and basophils, mast cell or basophil mediator release, ~ 
and the biologic effects of these mediators on various target organs. It is 
known that certain individuals are genetically “‘programmed’’ to preferen- 
tially produce IgE antibody responses following inhalation or ingestion of 
various substances. Once antigen-specific IgE antibody formation has oc- 
curred, the IgE antibody binds with high affinity to membrane receptors 
located on the surface of both tissue mast cells and circulating basophils. 
Mast cell or basophil mediator release occurs when antigen bridges two 
IgE molecules (hence, two IgE receptors) (Fig 1). 

In addition to IgE-dependent mediator release, mast cell and basophil 
secretion can be induced by various factors that appear to bypass IgE and 
act directly on the membrane surface (Table 1). Such non-IgE-dependent 
triggering factors include complement fragments (C3a, C5a, and C4a, 
which act as anaphylatoxins); neuropeptides; neutrophil proteins; eosino- 
phil proteins (e.g., major basic protein)’?; histamine-releasing factors from 
mononuclear cells!” 1° and platelets’*; and various pharmaceuticals in- 
cluding succinylcholine, vancomycin, morphine and codeine, among oth- 
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FIG 1. 
Mast cell mediator release can be initiated 
both by antigen binding of at least two IgE 1 
antibody molecules or through direct mast cell 
activation by a variety of substances. Once MEDIATOR RELEASE 
mediator release occurs, immediate (minutes) | 
allergic reactions develop followed by late- 
phase allergic reactions (hours). The precise IMMEDIATE REACTION 
pathogenesis of the late response is still 
unknown but may involve leukocyte 


recruitment to areas of mast cell degranulation 
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by these various cell types themselves RELEASE OR 
(eosinophils, neutrophils, macrophages, GENERATION 
lymphocytes, basophils) or through additional 
interaction with resident mast cells. 
LATE-PHASE 
REACTIONS 


ers. Thus, various substances, including foods, could conceivably trigger 
anaphylactoid reactions (non IgE dependent) through complement activa- 
tion, direct effects on tissue mast cells, or through the induction of tissue 
inflammation (involving various leukocytes including neutrophils, eosing- 
phils, lymphocytes, and platelets) resulting from other immunologic mech- 
anisms such as immune complex formation or T cell activation. 

Mast cells have been observed in gastrointestinal tissue as early as the 
third fetal month and gradually increase in numbers during infancy and 
childhood until adult levels are reached.!® The skin and gastrointestinal 
tract mucosa are among the tissues particularly rich in mast cells. Normal 
human skin contains, on average, 7,000 mast cells/cu mm,!° and human 
duodenal mucosa contains approximately 20,000. In the gastrointestinal 
tract, mast cells occur in the epithelium, mucosa, submucosa, muscular 
layers, and serosa.'” Mast cells within the gastrointestinal tract layers vary 
in distribution. In general, mast cells in the mucosa occur randomly 
throughout the lamina propria. In the duodenal mucosa, they are espe- 
cially prominent in the loose connective tissue in and around Brunner’s 
glands. Mast cells in the submucosa, muscular layer, and serosa occur both 
in approximation to small blood vessels and at sites distant from these 
vessels. The number of cells within the mucosa varies considerably, de- 
pending on the level of the gastrointestinal tract.18 In rodents, mast cells 
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TABLE 1. 
Agents Capable of Triggering Non-IgE- 
Dependent Mast Cell Mediator Release 





Endogenous 
Complement fragments (C5a > C3a > C4a) 
Neuropeptides (substance P, somatostatin) 
Adenosine (potentiates secretion) 
Neutrophil lysosomal proteins 
Eosinophil major basic protein 
Lymphocyte and monocyte histamine releasing factors 
Interleukin 1 

Exogenous 
Anesthetic agents (succinylcholine, d-tubocurare) 
Antibiotics (polymixin B, vancomycin) 
Narcotics (morphine, codeine) 
lodinated contrast material 
Nonisotonic solutions 
? Foods (strawberries) 





located within the gastrointestinal tract appear to be heterogenous both 
morphologically (based on their ability to withstand formalin fixation) and 
functionally (in response to various secretagogues and pharmacologic 
modulation of secretion).!? In humans, gastrointestinal mast cell heteroge- 
neity can be demonstrated morphologically*° and by neutral protease 
composition,”’ but it remains to be established if functional differences be- 
tween these various populations also exist. Recent work by Irani et al.?? 
suggests that the population density of certain mast cell populations within 
the gut may be influenced by T-lymphocyte functional responses. Human 
intestinal mast cells release histamine in response to anti-IgE antibody and 
calcium ionophores, but not to compound 48/40 or f-methionyl pep- 
tide,” 22 In addition, they generate both prostaglandin D» and leukotriene 
C4. 

Mast cells can release or generate a variety of mediators with diverse 
biologic effects (Tables 2 through 4).2% Preformed mediators consist of 
those molecules that are rapidly released into the local tissue fluid (see 
Table 2) and those that remain more tightly bound to heparin, which 
serves as the ‘“‘backbone”’ to which various granule mediators are attached 
through chemical interactions (see Table 3). Mediators are also generated 
by both mast cells and surrounding tissue cells (see Table 4). Within the 
gut, mast cell mediators could induce tissue inflammation and mucous se- 
cretion.» ° Perhaps more importantly, in terms of triggering distal cuta- 


194 / R.F. Lemanske, Jr., and H.A. Sampson 





TABLE 2. 
Mast Cell Granule Mediators That Are Preformed and Rapidly 
Released Into the Surrounding Tissues 





Mediator Structure Biologic Effects 
Histamine B-imidazolyl H1: Smooth muscle contractions; 
ethylamine increased vascular permeability; 


pruritus; irritant receptor stimulation; 
prostaglandin generation; increases in 
cGMP 

H2: Gastric acid secretion; increases in 
cAMP and mucous secretion; 
inhibition of basophil histamine 
release, lymphocyte lymphokine 
release, and neutrophil lysosomal 
enzyme release; inhibition of 
eosinophil migration and T cell— 
mediated cytotoxicity 

H1+H2: Vasodilation (hypotension); 
flush; headache 


Eosinophil chemotactic Val/Ala-gly-ser-glu Chemotactic attraction and deactivation 
factors of anaphylaxis MW = 360 — 390 of eosinophils and neutrophils 
(ECF-A) 

Neutrophil chemotactic factor Neutral protein Preferential attraction and deactivation 
of anaphylaxis (NCF-A) MW = 400,000 — of neutrophils 

600,000 
Exoglycosidases Proteins Cleave carbohydrate residues 


B-glucuronidase 
B-hexosaminidase 
B-galactosidase 
Arylsulfatase A Glycoproteins Hydrolysis of sulfates 
Kininogenases Proteins Generates kinins that cause 
bronchoconstriction and vasodilation 


a 


ees 


neous manifestations, is the effects of mediators on enhancing bowel wall 
and vascular permeability thereby potentially facilitating the absorption of 
various food macromolecules. 


Skin 

In considering the skin as an immunologic organ, one has to include the 
following elements: dermal-epidermal junction (DEJ), Langerhans’ cells, 
indeterminate epidermal cells, epidermal cytokines, and mast cells. The 
DEJ serves three main functions.”* First, it provides a permeability barrier 
between the vascular dermis and avascular epidermis. Soluble factors in 
the plasma and vasculature must pass through two basement membranes, 
one around the dermal blood vessels and one within the DEJ, before 
reaching the epidermal cells. Negatively charged anionic sites within the 
basement membrane may act as “pores” in the membrane and selectively 
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TABLE 3. 

Preformed Mediators That Form Strong Chemical Bonds With 
the Mast Cell Granule Heparin Matrix 

a et i hie oe ye fle | are 


Mediator Structure Biologic Effects 
Heparin Proteoglycan Antithrombin activity, 
MW =650,000 anticoagulation, 
anticomplement activity 
Chymase/tryptase Proteins Proteolysis 
MW = 25,000- 
30,000 
Peroxidase Protein Cleavage of H.O. 
Arylsulfatase B Glycoprotein Cleave sulfate esters 
Inflammatory factor Oligopeptide Chemoattraction of 
of anaphylaxis (IF- MW = 1,400 neutrophils 
A) 





inhibit or allow passage of soluble substances.”° Second, the contact be- 
tween the epidermal cells and macromolecules within the DEJ may influ- 
ence the biology of the epidermal cell by ‘‘cell-matrix interactions.”’ Thus, 
constituents within the basement membrane may influence keratinocyte 
involvement in wound healing, organogenesis, tissue turnover, and main- 
tenance.”* Third, the DEJ is important for adherence of the epidermis to 
the underlying dermal connective tissue. This function of DEJ has clinical 
importance when considering subepidermal blistering diseases of the skin. 

The importance of Langerhans’ cells, indeterminate cells, and epidermal 
cytokines has been recently reviewed.*® 7” Langerhans’ cells compose 2% 
to 8% of epidermal cells. They are derived from the bone marrow, un- 
dergo gradual turnover, are highly dendritic, and identified by their pos- 
session of a distinctive intracytoplasmic organelle known as the Langer- 
hans’ cell granule. This granule is a trilaminar structure sometimes 
containing a bulb at one end; its function is unknown. Cells within the 
epidermis that have the ultrastructural features of Langerhans’ cells but 
lack the characteristic granule are termed indeterminate cells. In normal 
epidermis, Langerhans’ and indeterminate cells are the only cells that ex- 
press immune response-associated (Ia, HLA-DR) antigens. Langerhans’ 
cells also express Fc and C3 receptors on their membrane surface. IgE 
receptors on these cells have also been described.” Langerhans’ cells in- 
duce allogeneic and antigen-specific T-cell activation and are required for 
epidermal cell-induced generation of cytotoxic T-lymphocytes. By virtue of 
their antigen-presenting capacity, Langerhans’ cells probably contribute to 
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TABLE 4. 
Mediators Generated by Mast Cells 


oo ee a ae ee ee 


Mediator Cell Source or Pathway 


Prostaglandin E 
of arachidonic acid 
metabolism 

Major cyclooxygenase 
pathway product 


Prostaglandin D, 


produced by mast cells 


(not by basophils) 
Prostaglandin F, 


Cyclooxygenase pathway 


Cyclooxygenase pathway 


Biologic Effects 


Vasopermeability; 
decreases mediator 
release 

Vasopermeability; 
chemoattraction of 
leukocytes; smooth 
muscle contraction 

Smooth muscle 


contraction; 
enhances mucous 
secretion 
Leukotriene By, Lipoxygenase pathway Neutrophil chemotaxis 
product of arachidonic 
acid metabolism; 
predominantly made by 
neutrophils 


Leukotriene Cy, Du, Lipoxygenase pathway; 


Vasopermeability; 


E4 made by both smooth muscle 
eosinophils and mast contraction; enhance 
cells mucous secretion; 


tissue inflammation 


Hydroxyeicosatetraenoic Quantity and type Chemotaxis; mucous 


acid derivatives dependent on cell secretion 
source 
Platelet activating Quantity produced Vasopermeability; i 
factor dependent on cell cutaneous 
source vasoconstriction; 


platelet, neutrophil 
and monocyte 
aggregation 


SESS 


contact sensitization and immunosurveillance against cutaneous viral infec- 
tion and neoplasia.?” 

Epidermal cytokines are materials produced by epidermal cells that may 
modulate immunologic as well as inflammatory reactions. Such materials 
include thymic factors, prostaglandin Eo, leukotrienes, and interferon. The 
precise epidermal cell types producing these cytokines are not known. Ker- 
atinocytes secrete a factor, termed epidermal cell-derived thymocyte acti- 
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vating factor (ETAF), which is similar (if not identical) to interleukin 1.2? 
Langerhans’ cells also produce interleukin 1, which provides an important 
second signal in the activation of T cells. In addition, interleukin 1 has 
multiple other effects which include, but are not limited to, the induction 
os fibroblast proliferation, neutrophil chemotaxis, and the production of 
ever. 

At present, there is no direct evidence linking these immunologic ele- 
ments with the immunopathogenesis of urticaria, dermatitis herpetiformis, 
or atopic dermatitis. However, as indicated, the skin has the capability of 
responding immunologically in a variety of ways to various stimuli. As fur- 
ther developments in these areas unfold, the elements previously outlined 
may prove to be important in our understanding of and treatment ap- 
proaches in these disorders. 

There is, however, evidence that cutaneous mast cells participate in im- 
munoinflammatory events associated with adverse reactions to foods. Mast 
cells are located within the dermis in greatest numbers near blood vessels, 
hair follicles, sebaceous glands, and sweat glands. Human skin contains 
approximately 7,000 mast cells/cu mm, which can undergo degranulation 
following challenge with a number of stimuli including allergens, com- 
pound 48/80,*° opiates,*! substance P,°° and histamine-releasing factors, >” 
among others. Mast cell heterogeneity, based on neutral protease compo- 
sition, can also be demonstrated in the skin.*? Cutaneous mast cell degran- 
ulation causes enhanced vascular permeability, produces itching or a sen- 
sation of burning, and induces leukocyte infiltration into the skin. These 
processes result in the development of both immediate wheal and flare 
reactions (resembling hives) that occur within minutes as well as late-phase 
inflammatory reactions (erythema and induration) that develop hours after 
challenge (see Fig 1).%* The ability of various mast cell mediators, either 
alone or in concert, to contribute to tissue inflammation is now considered 
to be important to the pathogenesis of various cutaneous inflammatory 
processes such as urticaria and atopic dermatitis. 


a 
Urticaria and Angioedema 


Clinical Features 


Urticaria and angioedema can be defined temporally, clinically, histologi- 
cally, and etiologically. It has been estimated that 10% to 20% of the 
population experiences at least one episode of acute urticaria or angioe- 
dema.*° Chronic urticaria, defined as lesions that persist longer than 6 
weeks, develops in only a small proportion of cases. In one report of chil- 
dren hospitalized for urticarial episodes, only 5% went on to develop 
chronic symptomatology.*° Patients with chronic urticaria may have daily 
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symptoms or recurrent episodic eruptions, thus making the categorization 
of some patients difficult. In adults, the peak incidence of chronic urticaria 
is during the third and fourth decades, and it is more frequent in women.2” 
Chronic urticaria is less common in children but its onset has been re- 
ported during the first month of life.°° In contrast to chronic urticaria, the 
acute form tends to be more common in atopic individuals and more often 
has a definable cause. As mentioned previously, urticarial lesions may co- 
exist with angioedema. In one report evaluating 94 children less than 16 
years of age, urticaria alone was observed in 85%, angioedema alone in 
6%, and both in 9% of cases.” 

Urticarial lesions (hives) develop in the superficial layers of skin on any 
part of the body and usually have raised, erythematous, serpiginous edges 
and blanched centers. The pruritic wheals may vary in size from 1 to 2 
mm to many centimeters (20 to 30) in diameter. Individual lesions do not 
leave residual macroscopic changes and seldom last longer than 24 to 48 
hours; new lesions commonly arise as older ones fade. Angioedema, a 
similar process occurring in deeper subcutaneous layers, consists of color- 
less, well-demarcated edema that may or may not be pruritic. Most fre- 
quently, this edema occurs on the face (lips, tongue, and perioral and 
periorbital areas) and extremities.°? 


Histopathology 


Histologically, biopsy specimens of chronic urticarial lesions show edema 
and vascular dilation in the superficial part of the dermis.*° A minimal cel- 
lular infiltrate is noted in the dermis, especially around small venules. The 
infiltrating cells consist predominantly of mononuclear cells and are accom- 
panied occasionally by eosinophils and neutrophils. In comparison to the 
skin of normal individuals, lesional skin contains four times the number.of 
cells and ten times the number of mast cells.*1 Increased levels of hista- 
mine (present only in mast cells and basophils) both in lesional and nonle- 
sional skin and in skin blister fluid (spontaneous release and in response 
to compound 48/80) have been described.4** Further, patients with 
chronic urticaria exhibit increased sensitivity to codeine skin testing*; these 
findings indicate either that cutaneous mast cells in chronic urticaria pa- 
tients are intrinsically more sensitive to degranulation or, alternatively, that 
the increased number of cutaneous mast cells noted by some investigators 
may trigger a larger end organ response. The mononuclear cell infiltrate is 
comprised predominantly of T-lymphocytes and approximately 70% of 
these are of the helper/inducer phenotype.*° Sixty-five percent of these 
lymphocytes appear to be activated due to increased amounts of la surface 
antigen. As indicated in Table 1, lymphocytes may release factors that trig- 
ger mediator release. Taken together, these findings indicate a potential 
role either separately, or through cell-to-cell interactions, of mast cells and 
lymphocytes in the pathogenesis of urticaria.*” 
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Causes of Urticaria 


In comparison to other factors, foods tend to be a relatively infrequent 
cause of urticarial episodes in children. IgE antibody—mediated urticaria 
can be seen following insect stings in children with hymenoptera 
sensitivity*® or following penicillin therapy.* In addition to antigen inter- 
acting with IgE antibody to produce cutaneous mast cell mediator release, 
a number of other factors are known to trigger mast cell degranulation (see 
Table 1). An appreciation of the histopathology and the recognition that 
various physical or chemical agents may trigger mediator release is impor- 
tant when one considers the possible causes for urticaria and angioedema. 
Infections, including viral,°°~? bacterial,°* and parasitic, °> ° may cause 
urticaria through complement activation. Various drugs”’ such as radiocon- 
trast material?®; aspirin?! and other nonsteroidal antiinflammato 
agents”; narcotics® °*: antibiotics such as penicillin and its derivatives, 
vancomycin, and others®: antineoplastics such as doxirubicin,® procar- 
bazine,°’ and cyclophosphamide’; anticonvulsants’?; anesthetics’? and 
muscle relaxants’: aspartame’* 7°: food dyes’®, and even steroids’’ have 
been reported to cause urticaria and/or angioedema. In some cases, IgE- 
antibody formation to these compounds can be demonstrated (penicillin); 
these agents may also trigger mediator release either through direct mem- 
brane effects or through complement activation. Physical causes such as 
pressure, sun exposure, cold, heat, exercise, water exposure, and vibration 
have been recently reviewed’ and are known causes of urticaria. Consid- 
eration of cold-induced urticaria may be especially important in cases of 
chronic urticaria in children.>” ’? Physical urticarial lesions may result from 
mast cell activation,®° some mediated through IgE antibody.® 





Urticaria Following Contact With Food 


Foods have been reported to cause urticaria in two ways: following contact 
or after oral ingestion. Contact urticaria is usually classified according to its 
presumed pathogenesis as immunologic (previous sensitization or passive 
transfer) and nonimmunologic contact urticaria (nonspecific release of vas- 
oactive amines, negative passive transfer).°* Nonimmunologic contact ur- 
ticaria is often caused by small-molecular-weight substances such as ben- 
zoic, cinnamic, and sorbic acids. The testing of these substances is often 
performed using a modified chamber test method for patch testing or an 
open test method; in both tests, the results are read 10 to 40 minutes after 
application of the test substance. In adults, neither stripping nor scratching 
the skin enhances the reaction.®° Foods are rarely implicated in cases of 
nonimmunologic contact urticaria.** In one report, contact urticaria was 
observed in a kindergarten in 18 of 20 children following the intake and 
accidental perioral application of a mayonnaise salad cream.®* Twenty- 
minute patch tests with the different components of the salad dressing 
were positive only for sorbic acid and benzoic acid. 
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In adults, several foods including potato, codfish, plaice, herring, lob- 
ster, and chicken have been reported to cause immunologic contact urti- 
caria.®°*’ In children, several reports*: °° have implicated milk in this type 
of response. Salo and co-workers®’ performed open skin challenge tests 
with whole milk and its large- (>10,000 mw) and small-molecular-weight 
fractions on the intact skin of 51 children with atopic dermatitis and suspi- 
cion of milk allergy. Thirty-five of the 51 reacted within minutes with con- 
tact urticaria. The large-molecular-weight fraction (containing B-lactoglob- 
ulin, considered by some to be the most allergenic component) gave an 
urticarial reaction as often as whole milk, whereas the small-molecular- 
weight fraction gave only a few positive reactions. These results indicate 
that milk antigens can rapidly penetrate the skin and cause urticarial reac- 
tions in sensitized patients. 


Urticaria Following Food Ingestion 


Foods more commonly cause urticaria/angioedema following oral inges- 
tion. Foods are more often a cause for acute rather than chronic urticaria. 
In acute urticaria, history alone can be very informative in establishing the 
culprit food. Certain foods tend to be more commonly involved in produc- 
ing urticarial responses. These foods include milk, eggs, soy, nuts, peanuts 
and other legumes, fish, and seafood (including mollusks, crustacea, etc.). 
It is unknown why the composition of these foods tends to provoke IgE 
antibody responses in predisposed individuals. In general, urticaria/angioe- 
dema will occur within 1 hour following the ingestion of these foods. Re- 
actions that begin at later time intervals are much less likely to be food 
related. In young children, milk and eggs tend to be more commonly im- 
plicated. Hill and co-workers®? evaluated 100 young children (mean age, 
16 months) with suspected milk allergy. Following open challenge, 31% 
developed urticaria within 45 minutes; the majority of these patients had 
either positive radioallergosorbent test (RAST) or skin tests to milk antigen 
indicating IgE sensitization. Kauppinen and co-workers” studied 163 chil- 
dren (ages 6 months to 16 years) with acute, recurrent, or chronic urticaria 
and found that foods (including milk, vegetables, and fish) were responsi- 
ble for 15% of acute urticarial episodes. Food additives including azo-dyes, 
benzoate, and acetylsalicylic acid were incriminated in 8%. 

Depending on the type of challenge procedure performed, foods or food 
additives have been variably implicated in the cause of chronic urticaria. 
Foods, including milk, vegetables, and fish, have been noted in one 
series” to be responsible for recurrent or chronic urticaria in 11% of cases. 
Harris and co-workers*® found foods to be an uncommon cause (2%) of 
chronic urticaria in children. Due to the high number of false positives”! and to 
the unavailability of standardized extracts,” immediate hypersensitivity skin 
testing or RAST testing with food antigens is not useful in chronic urticaria. 
Elimination diets, if performed cautiously to avoid inadequate nutritional 
intake, may be insightful. Double-blind food challenge can also be helpful. 
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Food additives have also been evaluated by a few investigators. Kemp 
and Schembi”’ placed 18 children with chronic urticaria on an elimination 
diet for 2 weeks and 7 of 18 (39%) had a marked remission in their symp- 
toms. Challenge capsules containing aspirin, tartrazine, sodium benzoate, 
or yeast were then administered. Five of 14 challenged with aspirin (36%) 
reacted positively. Reactions to tartrazine, sodium benzoate, and yeast 
(7%) were no more numerous than to lactose placebo (9%). Supraman- 
iam and Warner™ studied 43 children with chronic urticaria who re- 
sponded to an additive-free diet. Twenty-four of the children reacted to 
one or more additives following double-blind challenge. In the 18 who did 
not respond, all were placed on a normal diet and remained well. Kaup- 
pinen and co-workers” performed oral challenge tests and found that 
15% of their recurrent and chronic urticaria patients were sensitive to ace- 
tylsalicylic acid, sodium benzoate, or tartrazine. These disparate findings 
indicate that careful analysis should be performed before incriminating 
food additives as a potential cause of chronic urticaria in children. 


eee ee ee) 1B) ees erie Sumit ot mit 
Treatment 


Treatment of food-related acute and chronic forms of urticaria, as well as 
contact urticaria, involves establishing, either by history or by double-blind 
challenge, the culprit foods for each individual patient. The inherent prob- 
lems with food allergen extracts and interpretation of immediate hypersen- 
sitivity skin test results have been reviewed.”! Skin testing usually does 
not provide much useful additional information. Once a particular food (or 
food additive) has been convincingly established to produce a cause and 
effect relationship with the clinical symptomatology, avoidance of that food 
is usually curative. 


a 
Atopic Dermatitis 





Clinical Features 


In children, atopic dermatitis is the most common cause of ‘‘eczema,”’ an 
inflammatory cutaneous eruption characterized by itching, erythema, 
edema, papules, vesicles, serous discharge, and crusting. In the first com- 
prehensive description of atopic dermatitis, Besnier?? emphasized the he- 
reditary nature of this disorder, its chronically recurring course, and its as- 
sociation with hayfever and asthma. Wise and Sulzberger?® further 
emphasized the relationship between atopic eczema, asthma, and “‘hay- 
fever” (allergic rhinitis) by coining the term ‘‘atopic dermatitis,’ the term 
generally used today. 

Atopic dermatitis affects between 1.9% and 4.3% of the pediatric pop- 
ulation.?” 78 It has been estimated that approximately 1% of pediatric of- 
fice visits in North America are related to atopic dermatitis.?? Recent evi- 
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dence suggests that atopic dermatitis is not a unique affliction of 
industrialized society, as commonly believed. In a worldwide survey,’ 
climatologic/geographic conditions, profession, and psychic stress appear 
to be the most consistent factors affecting the course of atopic dermatitis. 

Atopic dermatitis frequently begins in early infancy. Sixty percent of in- 
dividuals developing atopic dermatitis are affected by the first year of life, 
and 85% within the first 5 years.'°’ The rash generally begins as an ery- 
thematous, papulovesicular eruption that progresses (with scratching) to a 
scaly, lichenified rash over time.’ Distribution of the rash typically varies 
with age.’ In the young infant (3-6 months to 2 years), flat, scaly lesions 
typically involve the cheeks and extensor surfaces of the arms and legs. 
Flexural surfaces, ankles, wrists, and neck are generally involved in the 
young child (2 to 12 years), with lichenification becoming a more promi- 
nent feature. In the teenage patient and young adult, extreme xerosis, 
prominent papulation, and lichenification in flexural surfaces and on the 
hands, feet, and face (especially about the eyes) are typical. Older patients 
tend to have symptom-free periods that may last for months, whereas the 
dermatitis is more constant in the younger years. 

Unlike most dermatoses, atopic dermatitis has no primary skin lesion. 
Instead, it is identified by the presence of a constellation of symptoms, as 
recently outlined in the classification system proposed by Hanifin and 
Rajka (Table 5).1°* These criteria emphasize the extremely pruritic nature 
of the rash and its typical morphology, distribution, and tendency toward 
a chronic or relapsing course. Some features such as nipple eczema, upper 
lip cheilitis, and anterior subcapsular cataracts are infrequent, but relatively 
specific for the diagnosis of atopic dermatitis. Others, such as hyperlinearity 
of the palms, orbital darkening (“allergic shiners’’), and Dennie-Morgan 
infraorbital folds are common but nonspecific symptoms. 


Histopathology 


Histologic changes in lesions of atopic dermatitis are not distinctive and 
may resemble those of contact dermatitis, id reactions, acute photoallergic 
reactions, and others.'°° Pathologic changes of the skin vary with the na- 
ture of the clinical lesion and can be subdivided into acute and chronic 
phases.'°° The acute lesion is characterized by slight psoriasiform hyper- 
plasia of the epidermis with hyperkeratosis, spongiosis secondary to intra- 
cellular edema, and ballooning of the keratinocytes secondary to intracel- 
lular edema. Lymphocytes and occasional monocytes and macrophages 
infiltrate around venous plexes in the dermis. Mast cell numbers appear 
normal and there is no obvious increase in basophils or eosinophils. 
Chronic lesions are characterized by moderate to marked hyperplasia of 
the epidermis with elongation of the rete ridges, prominent hyperkeratosis, 
and varying degrees of intercellular edema. Vesicle formation is not seen 
unless there is a superimposed acute exacerbation. Perivenular and inter- 
vascular areas are infiltrated with monocytes, macrophages, and lympho- 
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TABLE 5. 
Diagnostic Features of Atopic Dermatitis* 





Must have 3 or more major features: 
Pruritus 
Typical morphology and distribution 
Flexural lichenification or linearity in adults 
Facial and extensor involvement in infants and children 
Chronic or chronically-relapsing course 
Personal or family history of atopy (asthma, allergic 
rhinitis, or atopic dermatitis) 
Must have 3 or more minor features: 
Xerosis 
Ichthyosis/palmar hyperlinearity/keratosis pilaris 
Immediate (type I) skin test reactivity 
Elevated serum IgE 
Early age of onset 
Tendency toward cutaneous infections (especially 
Staphylococcus aureus and herpes simplex)/impaired 
cell-mediated immunity 
Tendency toward nonspecific hand or foot dermatitis 
Nipple eczema 
Cheilitis 
Recurrent conjunctivitis 
Dennie-Morgan infraorbital fold 
Keratoconus 
Anterior subcapsular cataracts 
Orbital darkening 
Facial pallor/facial erythema 
Pityriasis alba 
Itch when sweating 
Intolerance to wool and lipid solvents 
Perifollicular accentuation 
Food hypersensitivity 
Course influenced by environmental/emotional factors 
White dermographism/delayed blanch 


*From Hanifin JM, Rajka G: Diagnostic features of atopic der- 
matitis. Acta Dermatol Venereol 1980; 92(suppl):44-47. Used by 
permission. 
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cytes. Mast cell and Langerhans’ cell numbers are significantly increased. 
Capillary number is often increased and capillary walls may be thickened. 
Demyelination and fibrosis of cutaneous nerves are seen at all levels of the 
dermis. 

Immunohistochemical analyses!” of the dermal infiltrate in atopic der- 
matitis lesions demonstrate that the mononuclear infiltrate consists pre- 
dominantly of T cells bearing the CD3, CD4 surface antigens (T helper 
phenotype). T cells bearing the CD3, CD8 antigens (T suppressor/cyto- 
toxic phenotype) are seen less frequently. Most of the cells in the infiltrate 
are highly positive for HLA class II antigens suggesting that they are “‘acti- 
vated.” B cells or plasma cells are rarely seen. Increased numbers of Lan- 
gerhans’ cells also are seen in chronic lesions as detected by the CD6 
surface antigen. Langerhans’ cells bear IgE molecules on their surface, a 
finding unique to patients with atopic dermatitis.28 The infiltrate in the epi- 
dermis is reportedly similar to the dermis. 


107 


Immunopathology 


Despite advances in our understanding of the immunopathology of atopic 
dermatitis, the etiology of this disorder remains unknown. Clearing of the 
eczematous rash in patients with Wiskott-Aldrich syndrome following suc- 
cessful reconstitution by bone marrow transplantation’ and transfer of 
latent atopy in a child reconstituted with bone marrow from his atopic 
sibling’? suggest that a bone marrow-derived cell (or factor) plays a cen- 
tral role in the immunopathology of atopic dermatitis. 

Both humoral and cellular immune abnormalities have been described 
in patients with atopic dermatitis including elevated serum IgE concentra- 
tions, defective delayed-type skin responsiveness to various antigens, de- 
creased lymphocyte response to mitogens, recall antigens, and alloantigens 
in vitro, and decreased phagocytic capacity and chemotaxis of neutrophils 
and monocytes.!!° Interestingly, humoral and cellular abnormalities all 
vary directly with the clinical course of the skin lesions, raising the question 
of what is cause and what is effect. 

Several factors suggest a central pathogenic role for an IgE-mediated 
mechanism(s) in atopic dermatitis. 1! Approximately 80% of children have 
elevated serum IgE concentrations and positive immediate skin tests to 
various dietary and environmental allergens; two-thirds have a positive 
family history of atopy and 50% to 80% of children develop allergic rhinitis 
and/or asthma. However, an IgE-mediated mechanism is frequently dis- 
counted because these findings are not uniform and because histologic 
findings of eczematous skin lesions suggest a classic cell-mediated (type IV) 
hypersensitivity reaction. !12 

The apparent discrepancy between the histologic findings and the strong 
clinical association of atopic dermatitis with IgE-mediated diseases has 
been addressed in the past several years. IgE-mediated responses often 
involve both an ‘immediate’ and “late-phase’”’’ component (see Fig 
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1).13: 14 During the early phase of mast cell activation, chemotactic fac- 
tors are generated that attract neutrophils and eosinophils to the area. Eo- 
sinophils and neutrophils infiltrate the area 4 to 8 hours after initial mast 
cell activation, followed by lymphocytes and monocytes at 1 to 2 days. 
Eosinophils may release a variety of potent inflammatory mediators: eosin- 
ophil major basic protein (MBP), a cytolytic protein known to damage skin 
epithelial cells and to promote further mast cell histamine release; eosino- 
phil-derived neurotoxin (EDN), a powerful neurotoxin that may account 
for the demyelination of dermal nerve endings seen in atopic dermatitis 
skin; eosinophil cationic protein (ECP), another potent neurotoxin that in- 
hibits lymphocyte proliferation in vitro and may play a role in the cuta- 
neous anergy seen in patients with atopic dermatitis; and leukotriene C, 
(LTC,) and platelet-activating factor (PAF), both of which possess proin- 
flammatory activity.''° Although eosinophils are rarely seen in chronic 
atopic dermatitis lesions, immunofluorescent staining of skin biopsy speci- 
mens reveals large quantities of MBP as well as the typical mononuclear 
round cell infiltrate.‘*° MBP is not seen in uninvolved skin from the same 
patients or in lesions of patients with contact dermatitis. 


Atopic Dermatitis Following Food Ingestion 


Several early studies unequivocally demonstrated that ingested food aller- 
gens rapidly cross the gastrointestinal barrier, are transported to the periph- 
ery, and activate cutaneous mast cells.!1” 118 Subsequently, a variety of 
immunologic mechanisms have been proposed to account for eczematous 
symptoms provoked by food allergens in patients with atopic dermatitis. 
However, only IgE-mediated hypersensitivity has been clearly implicated 
in controlled clinical trials. 

In patients with IgE-mediated food hypersensitivity, ingestion of a food 
allergen results in an “immediate phase” during which time histamine??? 
and other preformed mediators are released. The cutaneous pruritus that 
is provoked results in scratching, subsequent excoriation, and eventually 
lichenification, as first proposed in the classic study of Engman et al.’”° 

The IgE-mediated ‘‘late phase’’ has also been implicated by controlled 
oral food challenges. Two food allergic patients, who experienced clearing 
of their eczema after maintaining appropriate food allergen restricted diets, 
underwent repeat double-blind placebo-controlled oral food challenge 
(DBPCFC).?2 Both patients developed a pruritic morbilliform skin rash 
within 30 to 60 minutes. Skin biopsy specimens obtained from involved 
sites 4 and 14 hours later revealed an infiltration of eosinophils and dep- 
osition of MBP. This study demonstrated that ingested food allergens can 
activate mast cells and trigger both an immediate and late-phase response 
in the skin. The exact role of eosinophils and MBP in the pathogenesis of 
eczematous skin lesions remains to be established. However, its presence 
strongly implicates the pathogenic involvement of a late-phase IgE-me- 
diated hypersensitivity response and provides an explanation for the typi- 
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cal mononuclear round cell infiltrate found in skin lesions of patients with 
atopic dermatitis. 

As discussed previously, investigators have found that factors produced 
by mononuclear cells'* '¥ and platelets!* can activate mast cells and ba- 
sophils. These factors, termed “‘histamine-releasing factors,”’ appear to ac- 
tivate the cells by binding to surface-bound IgE molecules.2” Similar fac- 
tors are produced spontaneously in vitro by mononuclear cells from food 
sensitive patients with atopic dermatitis.!22 These factors may bind to cu- 
taneous mast cells, or potentially other cells with surface-bound IgE (e.g., 
Langerhans’ cells), and provoke the more chronic inflammation associated 
with eczematous lesions. 

Several studies have suggested that adverse food reactions play a patho- 
genic role in some children with atopic dermatitis.!24-!2” Methods utilized 
to diagnose food hypersensitivity in these studies have varied. Conse- 
quently, there is disagreement concerning immunologic mechanisms in- 
volved. Using the DBPCFC to confirm the diagnosis of food hypersensitiv- 
ity, 160 children referred for evaluation of severe eczema were evaluated 
for food allergies.’** All patients fulfilled the criteria of Hanifin and 
Rajka!©!: 194 for the diagnosis of atopic dermatitis. The median age for the 
group was 5.3 years, and in general, subjects were highly atopic. In addi- 
tion to atopic dermatitis, approximately 50% had allergic rhinitis and 
asthma at the time of first evaluation, about 25% had allergic rhinitis, and 
5% had asthma. 

Prior to admission to a hospital research unit, patients were instructed to 
avoid any foods suspected of provoking allergic symptoms for 7 to 10 
days. In addition, any medications that could interfere with interpretation 
of challenge studies (e.g., B-agonists, antihistamines) were discontinued. 
All patients underwent prick skin testing to a standard battery of food ex- 
tracts prior to initiating DBPCFCs. Food challenges consisted of adminis- 
tering 8 to 10 gm of dehydrated food, or placebo, in capsules or camou- 
flaged in a juice over a 1-hour period.? Over 500 DBPCFCs have been 
performed in the evaluation of these children. Diagnosis of food hypersen- 
sitivity was made by history in 25 instances because the patient provided 
a “convincing” account of a life-threatening reaction that required emer- 
gency room management. In each case, the patient had a strongly positive 
prick skin test to the food allergen in question. 

Overall, 575 positive prick skin tests were elicited in the 160 children, 
nearly three times more than the 204 food hypersensitivities confirmed by 
blinded challenge or “convincing” history. (It should be noted that a skin 
test was only considered positive if it yielded a wheal at least 3 mm greater 
than the negative control.) All symptoms elicited by DBPCFC occurred 
within 2 hours of the challenge. Cutaneous reactions developed in about 
80% of cases and consisted of a pruritic, erythematous, macular, or mor- 
billiform rash. Urticarial lesions were rarely seen and generally consisted of 
only two or three lesions. Gastrointestinal symptoms were seen in 43% of 
the positive challenges, even though a history of gastrointestinal symptoms 
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was rarely elicited. Gastrointestinal symptoms included nausea, abdominal 
pain, vomiting, and/or diarrhea. Respiratory symptoms generally involved 
the upper respiratory tract and were seen in 28% of the positive 
DBPCFCs. Respiratory symptoms included nasal congestion, rhinorrhea, 
sneezing, stridor, and/or wheezing. 

Of the 98 children found to have food hypersensitivity (60% of patients 
evaluated), five were infants who were being exclusively breast-fed. All five 
infants cleared their eczematous lesions when their mothers excluded eggs 
from their diet. The infants and their mothers were admitted to the hospital 
where the babies were challenged indirectly by feeding eggs to their moth- 
ers. All five infants developed an erythematous rash in the typical distri- 
bution of infantile atopic dermatitis. Food hypersensitivity reactions in 
breast-fed infants have been reviewed recently.1“8 

As shown in Table 6, six foods accounted for about 90% of the food 
hypersensitivities. Other foods eliciting reactions in two or more patients 
included chicken (4), potato (3), pork, beef, shrimp, and rice. Foods fre- 
quently claimed to exacerbate skin symptoms, such as chocolate, toma- 
toes, and citrus fruit, have never been confirmed by DBPCEC. Despite the 
large number of positive prick skin tests elicited in many children, 80% of 
subjects diagnosed with food hypersensitivity reacted to only one or two 
foods. Allergy to foods was highly specific; only one patient reacted to 
more than one food within a botanical family or animal species. Thus, the 


TABLE 6. 

Foods Eliciting 
Hypersensitivity Reactions in 
Children With Atopic 


Dermatitis* 

No. of % of 
Food Patients Reactions 
Egg 78 (4) 38% 
Peanut 48 (16) 24% 
Milk 22 11% 
Fish 15 (4) 7% 
Soy 10 5% 
Wheat 8 4% 
Others 23 (1) 11% 


*Diagnosis made by “‘convincing”’ history 
of a severe reaction following an isolated 
ingestion of a food is indicated by paren- 
theses. 
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frequently recommended practice of avoiding all foods within a botanical 
family (e.g., all legumes, such as peanut, soy, green pea, green bean, pinto 
bean) is inappropriately restrictive and unnecessary. 


se Age Se ee Cee eee ae 
Treatment 


Treatment of food-related atopic dermatitis involves the accurate identifi- 
cation of the responsible food allergen(s). Negative prick skin tests (or 
RASTs) are useful for excluding potential food allergens”! but positive tests 
merely suggest potential sensitivities that must be confirmed by an oral 
challenge procedure. Brief trials (<3 weeks) of empirical elimination diets 
may be instituted to determine whether food allergy is contributing to a 
patient’s symptoms. However, when improvement in the patient’s symp- 
toms is equivocal, or when more than one or two foods are implicated, 
blinded challenges must be undertaken to diagnose food hypersensitivity. 
Identifying food additives that may exacerbate eczematous skin symptoms 
also requires the use of brief elimination diets and blinded challenge stud- 
ies. In the only controlled study of food additives in children with atopic 
dermatitis, no additive could be implicated in the pathogenesis of the dis- 
order.!”? Once properly identified, the only treatment for food hypersen- 
sitivity is strict avoidance of the offending food. Acquiring the assistance of 
a knowledgeable dietitian and educating the patient and parent to read 
food labels has been found to be the most successful means of maintaining 
an effective elimination diet.42° Other modalities proposed such as rota- 
tional diets, oral cromolyn, immunotherapy (“allergy shots’’), and sublin- 
gual or subcutaneous neutralization have never been shown to be effica- 
cious in well-controlled clinical trials. 

In atopic dermatitis patients where food hypersensitivity plays a signifi- 
cant pathogenic role in their disease, symptoms improve readily once an 
appropriate elimination diet has been instituted. As shown in Figure 2, 
the clinical course of these patients is markedly improved compared 
with patients who are food sensitive but fail to comply with their diet 
or patients who are not food sensitive. Fortunately, food hypersensitivity is 
often “‘outgrown.”’ It was found that approximately one-third of these food 
allergic individuals lost their clinical sensitivity (food challenge negative, 
prick skin test and/or RAST positive) after 1 year on the elimination 
diet. 

The pediatrician always considers prophylaxis as the best form of ther- 
apy. Recent well-controlled studies support the role of exclusive breast 
feeding in preventing atopic disease. In one study of 135 infants of atopic 
parents, babies exclusively breast-fed for 6 months had a prevalence of 
atopic dermatitis of 14% at 1 year of age compared with a prevalence of 
35% in a similar group breast-fed only 3 months. !31 In addition, the num- 
ber of solid foods added to the diet in the first 4 months of life has been 
shown to be directly related to the probability of developing food hyper- 
sensitivity. 1 
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FIG 2. 

Clinical symptom scores in 34 
patients with atopic dermatitis 
followed prospectively for 3 to 4 


rs years. Hatched bars represent 

9 patients on elimination diets; 
closed bars represent patients on 

= no special diet. Narrow open bars 

r represent five patients who were 

Ss food sensitive but were 

5 noncompliant with the diet. 


(From Sampson HA: The role of 
food allergy and mediator release 
in atopic dermatitis. J Allergy Clin 
Immunol, in press. Used by 
permission. ) 
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Dermatitis Herpetiformis 


Clinical Features 


In 1884, Louis Duhring first described the clinical features of dermatitis 
herpetiformis, also known as Duhring’s disease. !°° DH is felt to be caused 
by an abnormal immunologic and inflammatory response to dietary gluten. 
DH is a rare disorder in children, but clinically and immunologically resem- 
bles its adult counterpart.!** In children, the average age of onset is about 
7 years’: in adults, the commonest age of onset is from the late second 
to the fourth decade.!%° DH is more common in whites than in blacks and 
seen only rarely in Japanese. The immunologically proven disease persists 
indefinitely, although with varying severity. 

The primary lesion of DH is either an erythematous papule, an urticarial- 
like plaque, or most commonly, a vesicle. The papules often evolve into 
vesicles, some of which can form groupings to form herpes-like (herpeti- 
form) lesions. The lesions are usually symmetrical and involve the scalp, 
shoulders, elbows, knees, and buttocks. Palmar and plantar exudative bul- 
lous lesions may occasionally be seen in children.’”’ Due to the intense 
itching, lesions may become excoriated and crusting may be present. Al- 
though this process may lead to hyperpigmented and hypopigmented 
areas, scarring rarely occurs.'°° Because of its pleomorphic appearance, 
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DH may be confused clinically with erythema multiforme, bullous pem- 
phigold, herpes, scabies, papular urticaria, as well as other skin conditions. 
In one study, atopic dermatitis was noted in 20% of 45 Hungarian and 
Finnish children with DH.!8® 


Association With Gluten-Sensitive Enteropathy 


Adult and childhood DH is frequently associated with gluten enteropathy 
that is clinically asymptomatic. A gluten-dependent enteropathy has been 
observed in 85% to 95% of cases.!*° The lesions are histologically similar 
to the intestinal lesions of celiac disease, but in DH the gastrointestinal 
clinical symptoms are mild and not seen in all patients. 139,140 Ermacora 
and co-workers evaluated 76 children with DH.!4! No skin lesions were 
detected in children younger than 10 months of age and the most frequent 
age of onset was between 2 and 7 years. By history, 38% had had chronic 
relapsing diarrhea during the first 2 years of life, but only eight patients 
had established diagnoses of malabsorption before the onset of DH. At the 
time when the diagnosis of DH was made, the weights of 15% and the 
lengths of 13% were below the tenth percentile, respectively. D-xylose was 
abnormal in 32% of patients. Biopsy specimens of the small intestine 
showed affected jejunal mucosa in 85%, subtotal atrophy in 48%, and 
partial atrophy in 38%. Overall, biopsy changes in the small intestine were 
detected in more than 90% of cases. The lack of correlation between the 
high frequency of gastrointestinal histologic alterations and the relatively 
lower frequency of either concomitant’ biochemical or clinical parameters 
is noteworthy and currently not well understood. 


Pathogenesis 


The storage proteins present in wheat, rye, barley, and oats contain the 
protein species that are capable of causing DH. 142 These proteins have 
been characterized most extensively in wheat wherein the toxicity has been 
shown to be due to the gliadin fraction, which can be separated into 30 to 
50 individual components. Some fractions are symptomatically more toxic 
than others, with a-gliadin being the most toxic fraction both in vivo and 
in vitro."*” The variations in the toxicities of various gliadin fractions may 
explain the differences in the capacity of various wheats to produce symp- 
toms as well as some of the regional differences in the occurrence of glu- 
ten-sensitive enteropathy.'4? The amino acid composition of the active 
principle within gliadin is unknown. 

The precise immunopathogenesis of DH has not been established. How- 
ever, a number of interesting features of this disease have been described. 
The histologic features of the skin lesions are dissimilar from those found 
within the intestine. Cutaneous DH lesions contain granulocytic cellular 
infiltrates with local accumulation of edema whereas the gastrointestinal 
lesions contain a chronic lymphocytic cellular infiltration. !42 In both adults 
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and children, granular, discontinuous IgA deposits are found within the 
epithelial membrane zone, most heavily concentrated in the dermal papil- 
lae. 136 In most instances, they occur in association with complement 
deposits and can be found in both lesional and nonlesional skin.!72 It is 
hypothesized that the IgA bound in DH skin may represent either antibody 
specific for certain skin proteins or antigen-antibody complexes bound spe- 
cifically to the skin. Attempts to demonstrate gluten proteins or their pro- 
tein fragments in skin using immunofluorescent methods have not been 
successful. 43: 144 Alternatively, the IgA may have antigenic specificity that 
cross-reacts with skin components. Indeed, in adults, Seah and co- 
workers’*° found a serum antibody in DH patients that bound to reticulin 
in the connective tissue of rat and human organs. Their studies suggested 
that the antireticulin antibodies bound in skin cross-reacted with gluten and 
trapped circulating gluten-antigluten immune complexes in dermal papil- 
lae. Both serum antireticulin and antigliadin antibodies in children with DH 
have been described, with levels tending to fluctuate with diet.!4° IgA an- 
tibodies with other specificities, including endomysium!*’” and human je- 
junum,!*° have also been reported. In celiac disease, gluten-specific IgE 
antibodies are not found and skin testing does not produce wheal and flare 
reactions. These results indicate that, in gluten-sensitive enteropathy, IgE- 
mediated mast cell mediator release does not contribute to the pathogen- 
esis. 





Treatment 


Treatment of DH involves dietary elimination or topical dapsone. Erma- 
cora and co-workers’! treated children with DH with a gluten-free diet 
only and all cutaneous manifestations disappeared in 82% within 1 to 6 
months. Some were rechallenged with a normal diet and cutaneous symp- 
toms returned over a variable period of time (1 to 26 weeks). Dapsone 
also was effective but side effects of anemia, methemoglobinemia, and 
hemolysis (in a patient with G-6-PD deficiency) made diet the treatment 
of choice. 
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Immunologic reactions to dietary antigens (food sensitivity) are thought to 
play a role in a wide variety of food-related clinical syndromes in the pe- 
diatric age group.’ In contrast to recent reviews,”> it is the purpose of this 
report to present the aspects of food sensitivity as they relate to specific 
areas of the digestive tract. Various gastrointestinal diseases in which food 
sensitivity is believed to play a role are discussed with respect to pathogen- 
esis, evaluation, and therapy. In addition we briefly review the develop- 
mental aspects of the mucosal immune response that predispose the infant 
and child to food sensitivity—related gastrointestinal disease. 


a ——_— 
Developmental Aspects 


Oral Tolerance 


Throughout life, the human gastrointestinal tract is exposed to an unlimited 
number of dietary antigens. In spite of this continual attack on the mucosal 
defense mechanisms, adverse responses to nonself antigens of dietary ori- 
gin are extremely infrequent, while effective immunity to infectious agents 
is maintained in the normal host. The homeostatic mechanism that allows 
us to maintain this state of ‘““gastrointestinal unresponsiveness”’ is known as 
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oral tolerance. While a thorough explanation of our current understanding 
of the mechanisms of oral tolerance is beyond the scope of this discussion, 
several aspects deserve mention with regard to alterations that may be 
present in the human infant. 

Much of our knowledge of the response to fed antigens comes from 
studies in experimental animals. It has been known for some time that the 
feeding of a single dose of ovalbumin to mice can effectively suppress 
systemic immune responses on reexposure to the same antigen. This 
suppression can be prolonged, may occur after feeding a range of doses 
of ovalbumin, and may abrogate systemic humoral (immunoglobulins [Ig] 
G, M, E) and cell-mediated (delayed-type hypersensitivity) immune re- 
sponses.° The mechanism for this suppression seems to involve the induc- 
tion of antigen-specific suppressor T cells.” ° The specific events occurring 
at the mucosal or systemic level that lead to the induction of these antigen- 
specific suppressor T cells are not yet elucidated. 

Alterations in the normal sequence of events resulting in oral tolerance 
have been detected in neonatal (as compared with adult) mice. The ex- 
posure to ovalbumin during the first week of life was associated with prim- 
ing, rather than suppression, of humoral and cellular systemic immune re- 
sponses on subsequent reexposure to the same antigen.” !° In addition, at 
the time of weaning, exposure to ovalbumin was transiently associated 
with priming and not tolerance. The effect of weaning was independent of 
the age of the animal at the time of weaning and ovalbumin exposure. 
Thus, both age at initial exposure to a fed protein antigen and the timing 
of exposure to new antigens relative to weaning may play a role in sub- 
sequent immune responses to the same antigen. 

Two other aspects of the process of tolerance induction deserve mention 
because of their relevance to clinical food hypersensitivity in the infant. 
The first observation is that the process of exposure and induction of oral 
tolerance to a fed protein antigen may prevent the development of oral 
tolerance to a second antigen fed during the same time period.'! Thus, it 
is conceivable that the simultaneous exposure to several new antigens may 
lead to the induction of tolerance to some and sensitivity to. others. 

The development of oral tolerance may also be affected by the nature 
of the antigen when presented to the immune system. Processing of fed 
protein antigens by either the intestinal mucosal absorptive cell or from 
partial degradation by proteolytic enzymes may lead to altered antigens 
that are more effective at inducing oral tolerance.!” !3 Factors that alter 
intestinal proteolysis or antigen presentation by the intestinal mucosa may 
ultimately affect the state of responsiveness of the organism on reexposure 
to the same antigen. 


Intestinal Permeability 


While the normal response to antigens that are introduced orally is the 
induction of a state of immune unresponsiveness, antigens that bypass the 
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normal mucosal immune barrier may trigger an immune reaction. Altera- 
tions of mucosal barrier function may allow penetration of a variety of 
noxious agents, including unprocessed protein antigens, which may ulti- 
mately result in immunologically mediated gastrointestinal disease. 

Mucosal barrier function is the result of both nonimmunologic and im- 
munologic defense mechanisms (Table 1) that each, individually, help to 
limit uptake of intact protein antigen. Lumenal factors, such as gastric acid 
and intestinal enzymes, assist with hydrolysis and proteolysis of fed protein 
reducing the burden of intact protein presented to the mucosal absorptive 
surface.‘* }° Peristalsis expedites the clearance of antigens and antigen- 
antibody complexes that may adhere to the lumenal surface.!® Intestinal 
mucous acts as a physical barrier to prevent penetration of antigen. In 
addition, mucous glycoproteins may impair attachment of lumenal sub- 
stances to cell surface receptors.‘’ Alterations of microvillus membrane 
composition may affect surface binding and diffusion of lumenal mole- 
cules. 

Immunologic factors, such as mucosal IgA, are postulated to play a role 
in antigen exclusion by complexing to enteric antigens and preventing their 
transport across the intestinal epithelium.'? Antigen-antibody complexes 
that form as a result of this interaction have also been shown to stimulate 
goblet cell mucous release”? and to enhance proteolysis of complexed an- 
tigens.’° Immune complexes that escape the mucosal barrier may be more 
readily cleared by the reticuloendothelial system than free antigen.”? 

The results of several experimental studies suggest that mucosal barrier 
function may be impaired in the newborn, leading to enhanced macro- 
molecular uptake.** Alterations in the composition of the microvillous 
membranes in newborns have been detected!® 7° and these alterations 
may facilitate attachment and transport of antigens in the newborn ani- 
mal.”* IgA concentrations in serum, saliva, and stool of newborns are re- 





TABLE 1. 
Components of the Mucosal 
Barrier 


Nonimmunologic 
Gastric acid 
Proteolytic enzymes 
Peristalsis 
Intestinal mucous 
Microvillus membrane 

Immunologic 


Mucosal IgA 


222 / R. Proujansky, H.S. Winter, and W.A. Walker 


duced compared with adults.2° 7° Immunofluorescent studies have dem- 
onstrated reduced numbers of IgA-containing cells in the intestinal mucosa 
of infants.*” These observations, reflecting the enhanced permeability of 
the mucosal barrier in the newborn and altered mucosal immune re- 
sponses to absorbed antigens, may help to explain why infants are predis- 
posed to immune-mediated gastrointestinal disease. 


a 
Clinical Manifestations 


Diagnostic Approach 


The diagnostic approach to patients with suspected food sensitivity has 
been the subject of controversy over the past several years. 

The diagnostic approach to a patient with possible food intolerance is 
based on history, physical exam, and diagnostic testing. Patients with sus- 
pected food sensitivity may give a history compatible with an adverse re- 
action to a specific dietary antigen; however, at the time of evaluation, 
there may be a paucity of physical findings. In the pediatric population, 
several studies have demonstrated that the history is unreliable in predict- 
ing who will be shown eventually to have documented food sensitiv- 
ity.2% 2° Thus, diagnostic testing plays a critical role in establishing a defin- 
itive diagnosis of food sensitivity. 

Evaluations of food sensitivity can be divided into two major groups: (1) 
serologic studies and skin tests and (2) oral challenge. In the first group 
measurements of food-specific IgE,*° ° circulating histamine levels, >” 3 
leukocyte histamine release,>* °° and skin testing*® °” are directed at iden- 
tifying mechanisms involving the IgE-mast cell axis (type I hypersensitivity). 
Similarly, assays to detect immune complexes (type III hypersensitivity) °° 
complement abnormalities,°” *° alterations in cell-mediated immunity 
(type IV hypersensitivity),*1 and even explants of intestine placed in organ 
culture*” have been examined. None of these studies, however, achieve 
the diagnostic accuracy of oral challenge as originally described by Gold- 
man et al.”? In this landmark study, the diagnosis of milk allergy was ac- 
cepted only when the following criteria were met: 


(1) Symptoms subsided following milk elimination; (2) Symptoms occurred within 
48 hours following a trial feeding of milk; (3) Three such challenges were positive 
and similar as to onset, duration, and clinical features; (4) Symptoms subsided 
following each challenge reaction.2? 


This approach was demonstrated to be more accurate than skin testing’? 
and serologic studies“ by the same and other authors.2 

Although oral challenge has withstood the test of time, modifications of 
the original technique have been suggested based on the severity of the 
illness, cooperation of the patient, and therapeutic implications. The sever- 
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ity of the gastrointestinal reaction or associated systemic reaction (e.g., 
anaphylaxis) to a particular dietary antigen may lead to a reluctance on 
the part of the patient, parent, or physician to complete three challenges. 
For these severe reactions, double-blinded, in-hospital exposure to minute 
doses of the suspected antigen with close observation2® may obviate the 
need for repeated oral challenge. 

For less severe reactions the need to establish a definitive diagnosis 
based on blinded or repeated challenge needs to be evaluated with respect 
to implications for future dietary and medical management. For example, 
while several nutritionally adequate alternatives exist for the infant-fed 
cow’s milk formula, nutritional consequences such as failure-to-thrive or 
kwashiorkor may result from misguided attempts to seek a very restrictive 
diet that leads to a decrease in symptoms.*® *” Food sensitivity has also 
been described as the chief complaint of several children ultimately shown 
to have Munchausen’s syndrome by proxy.*® The objective demonstration 
of a lack of a clinical response to dietary antigens in these children may be 
an important first step to avoiding subsequent unwarranted diagnostic and 
therapeutic interventions. 

While Goldman’s criteria identify the presence of an adverse reaction to 
an ingested substance, they are not specific for immunologically mediated 
or hypersensitivity-type reactions. For example, the child with secondary 
lactase deficiency may have a stereotypic response to milk ingestion that 
may be related to lactose malabsorption and not to any immunologically 
mediated reaction within the gastrointestinal tract. Thus, it is important to 
also evaluate the possibility of associated carbohydrate malabsorption as 
the basis for the patient’s symptoms. 


Caen e rere eeeeeeeeeeee eee eee eee 


Clinical Gastrointestinal Allergic Syndromes 


a ee A a ge he Fe ti et a oe na 
Oral Lesions 


A variety of interesting and unusual symptoms and signs have been re- 
ported as oropharyngeal manifestations of food sensitivity (Table 2). Some 
of these clinical syndromes seem to occur in association with atopic dis- 
ease. Anderson et al.*? reported that 6.2% of patients with pollen allergy 
complained of oral pruritus after ingestion of dietary antigens. Other, less 
frequently reported symptoms included swollen lips, pharyngeal pruritus, 
hoarseness, and aphthous lesions. Several patients with concomitant per- 
sistent aphthous ulceration and jejunal mucosal abnormalities have been 
described®° and, in some of these patients, both the jejunal mucosal ab- 
normalities and the aphthous lesions resolved on a gluten-free diet. A fa- 
vorable response to gluten withdrawal has also been demonstrated in pa- 
tients with aphthous ulceration and normal small bowel morphology.°! 
An interesting syndrome of chronic mucosal fissuring of the mouth has 
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TABLE 2. 
Clinical Gastrointestinal Allergic 
Syndromes 





Oral lesions 
Oral pruritus 
Aphthous stomatitis 
Chronic mucosal fissuring 
Esophagus and stomach 
Vomiting 
Eosinophilic gastroenteritis 
Mucosal form: Anemia and hypoalbuminemia 
Muscular form: Obstruction 
Serosal form: Ascites 
Small intestine 
Milk- and soy-induced disease 
Chronic blood loss 
Protein-losing enteropathy 
Chronic diarrhea 
Gluten-sensitive enteropathy 
Colon 
Colitis 


SS 


been noted in patients with recurrent episodes of oral angioedema and 
atopic symptoms. After repeated attacks of lip, tongue, and mouth swelling 
following the ingestion of specific foods, marked furrowing of the mucosa 
occurred.°” These changes have also been described in association with 
eosinophilic gastroenteropathy in which a biopsy specimen of the oral mu- 
cosa also revealed eosinophilic infiltration. 

The pathogenesis of these varied examples of oral pathology, which 
may be related to food hypersensitivity, is poorly understood. A variety of 
environmental and physiologic factors have been implicated in the patho- 
genesis of aphthous ulceration. Studies examining deficient salivary IgA or 
increases in serum antibodies to food proteins in patients with aphthous 
ulceration have detected no consistent abnormalities.® 

It is clear that oral pathology may be the presenting manifestation of 
food sensitivity and may herald the presence of pathology elsewhere in the 
gastrointestinal tract. Nevertheless, food sensitivity is believed to play a role 
in only a small percentage of oral diseases and should be documented by 
elimination and rechallenge with the suspected antigen. In these patients, 
the institution of restrictive diets should be reserved for those who have 
had a documented association by blinded oral challenge and should be 
tempered by the severity of the patient’s symptoms. 
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Esophagus and Stomach 


Food sensitivity is often divided into immediate- and delayed-type reac- 
tions for the purpose of classification. This distinction is critical for the eval- 
uation of reactions involving the upper gastrointestinal tract (stomach and 
small intestine) where both immediate and delayed reactions may occur in 
the same patient. 

After the mouth and oropharynx, the esophagus and the stomach are 
exposed to intact antigen immediately after ingestion. Thus, it is not sur- 
prising that prospective studies examining the response to oral challenge 
in infants and older children with suspected food sensitivity have demon- 
strated that vomiting is a common reaction to an offending antigen.”® 2° 
Emesis generally occurs as an immediate (less than 4 hours) reaction to 
oral challenge with a specific antigen. Because there frequently is a simul- 
taneous occurrence of urticaria and/or wheezing,”® it is believed that a 
poorly understood IgE-mast cell-dependent reaction is responsible for the 
initiation of the vomiting episode.® The mechanism by which mast cell— 
derived mediators may act locally or centrally to induce emesis remains to 
be elucidated. 

Eosinophilic gastroenteritis is an idiopathic condition in which many 
areas of the gastrointestinal tract, most commonly the stomach, are in- 
flamed and diffusely infiltrated with eosinophils. The inflammatory lesion 
can be classified into three major clinical/pathologic entities involving (1) 
the mucosa, which leads to malabsorption and gastrointestinal loss of pro- 
tein and blood, (2) the muscularis, which causes thickening of the bowel 
wall with symptoms and signs of obstruction, and (3) the serosa, which 
results in eosinophilic ascites.°° ©° The clinical presentation depends on the 
anatomic site of gastrointestinal involvement as well as the affected layer 
of the bowel wall. Thus, children with mucosal involvement of the stomach 
and small intestine have edema and anemia due to intestinal loss of blood 
and protein. Diarrhea and weight loss may be present depending on the 
degree of associated malabsorption. Involvement of the muscularis of the 
gastrointestinal tract leads to obstruction at the level of the bowel at which 
this occurs. Serosal disease produces ascites with a predominance of eosin- 
ophils in the cellular exudate. With each of these clinical presentations, the 
gastric antrum seems to be the most common site of injury. Involvement 
of the esophagus, small bowel, colon, and other organ systems has been 
described.” 

The relationship of this eosinophilic inflammatory process to food hy- 
persensitivity has been the subject of controversy. Eosinophilic gastroen- 
teritis is often accompanied by symptoms of atopic diseases such as urti- 
caria, eczema, rhinitis, or asthma. After ingestion of particular foods, 
patients with the “‘allergic’’ form of the disease may experience nausea, 
vomiting, abdominal pain, or diarrhea as well as an increase in their atopic 
symptoms. These responses may be both immediate and delayed. In- 
creases in total serum or tissue IgE, an increase in serum IgE in response 


226 / R. Proujansky, H.S. Winter, and W.A. Walker 


to food challenge, positive radioallergosorbent tests (RASTs) to multiple 
foods, and positive skin tests to food extracts have been demonstrated in 
this form of the disease.° °° However, a “nonallergic’”’ form of the disease 
also occurs in which the patients have no symptoms of atopic disease and 
show no correlation of their gastrointestinal symptoms to blinded food 
challenge. The nonallergic variety is associated with normal serum and 
tissue IgE levels and negative skin tests to food antigens.°? These clinical 
observations suggest that both IgE-dependent and IgE-independent mech- 
anisms may lead to eosinophilic infiltration of the gastrointestinal tract. 

The diagnosis of eosinophilic gastroenteritis is often suggested by finding 
peripheral eosinophilia, which may be severe (absolute eosinophil count 
greater than 1,500/mm?), in a patient with compatible symptoms and 
signs. Additional supportive laboratory findings may include iron-deficiency 
anemia, hypoalbuminemia, or an elevated level of IgE. Skin tests or 
RASTs may be helpful in determining potential offending antigens. Radio- 
logic studies may demonstrate nodularity or thickening of the gastric an- 
trum or thickening of small bowel folds.°” Mucosal biopsy of the affected 
portion of the gastrointestinal tract is necessary for demonstrating the 
pathologic lesion. The eosinophilic inflammatory process may be patchy in 
distribution, especially in the small intestine. The gastric antrum, however, 
is the site that most consistently demonstrates the pathologic lesion when 
multiple sites are biopsied.°’ For this reason, antral biopsy is most helpful 
whenever symptomatology is related to upper gastrointestinal involvement. 
Blinded challenge may confirm the relationship to food sensitivity and may 
help determine appropriate dietary modifications as part of the therapeutic 
plan. 

The response to elimination diets in both the allergic and nonallergic 
forms of the disease has been inconsistent. In general, infants are more 
likely to have a favorable response to the withdrawal of milk and/or soy 
from their diet than older children.°* Infants who respond to dietary ther- 
apy are also more likely to have a self-limited disease process that im- 
proves with age. For the older patient, a trial of an oral elemental diet may 
be effective. Improvement on an elemental diet may be the result of the 
removal of multiple offending dietary antigens. For those patients who do 
not respond to dietary changes, oral cromolyn sodium has produced a 
good response in selected patients.°? Some patients, however, require in- 
termittent low-dose corticosteroid therapy to obtain a sustained remission 
of symptoms. 


Small Intestine 
Milk- and Soy-Induced Enteropathy 


Small intestinal injury is associated with a variety of clinical syndromes of 
food sensitivity. It is a site of injury for the three most common dietary 
antigens of childhood: cow’s milk, soy, and gluten. Small intestinal injury 
due to cow’s milk protein has been described to produce the following 
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clinical syndromes: (1) anemia and iron deficiency secondary to chronic 
gastrointestinal blood loss in infants drinking homogenized, pasteurized 
cow’s milk,’° (2) gastrointestinal protein loss, edema, and hypoalbumine- 
mia associated with other symptoms of atopy, °° and (3) chronic diar- 
rhea and malabsorption leading to significant failure-to-thrive.’! 72 Cow’s 
milk protein sensitivity has been implicated in the prolongation of diarrhea 
after acute infectious enteritis.’2-7> In addition, soy protein also has been 
implicated in the genesis of malabsorption and chronic diarrhea.”© Con- 
comitant soy and cow’s milk intolerance may occur in about one third of 
affected children.’” 78 

Common to all these clinical syndromes is the presence of small intes- 
tinal mucosal injury of varying severity. This may lead to variable degrees 
of diarrhea, malabsorption, and intestinal losses of protein. The initial ap- 
proach to patients with suspected protein-sensitive enteritis is based on 
ruling out other potential causes for malabsorption and diarrhea. Stools 
should be examined for fecal leukocytes and ova and parasites, and stool 
cultures should be obtained. Simultaneously, the patient can be placed on 
a casein hydrolysate formula to initiate nutritional repletion. A good re- 
sponse to an elemental formula may obviate the need for extensive eval- 
uations for other causes of malabsorption. In the sickest patients, paren- 
teral hyperalimentation may be necessary if adequate calories cannot be 
delivered enterally. 

Ultimately, the diagnostic approach is based on demonstrating morpho- 
logic and/or functional impairment of the small intestinal mucosa and the 
response to oral challenge. The presence of mucosal injury has led some 
authors to suggest that the use of prechallenge and postchallenge small 
intestinal mucosal biopsies may obviate the need to attempt to fulfill Gold- 
man’s criteria. Shiner et al.’”? compared prechallenge and postchallenge 
biopsy specimens in four infants and were able to document postchallenge 
jejunal mucosal abnormalities (partial to severe villous atrophy) in all four 
infants. The lack of a clinical response to oral challenge in these infants 
suggested that mucosal biopsy may be more sensitive than clinical criteria. 
Using the 1-hour d-xylose test as a noninvasive estimation of small intes- 
tinal mucosal injury, Morin et al.2° showed a significant reduction in the 
postchallenge 1-hour d-xylose level in infants with cow’s milk protein in- 
tolerance. 

Other authors, however, have questioned the sensitivity and specificity 
of both mucosal biopsy and the d-xylose test in the diagnosis of cow’s milk 
protein sensitive enteropathy.®!*° Several infants with abnormal post- 
challenge biopsy specimens, but without clinical symptoms at the time of 
challenge, were maintained on a cow’s milk—containing diet.®° These in- 
fants continued to demonstrate adequate growth and weight gain in spite 
of their response to oral challenge. Conflicting studies like these may relate 
to several factors. Lack of standardization of an oral challenge dose may 
lead to differences in the timing of subsequent mucosal damage and clini- 
cal symptoms. The description by Kuitunen et al.”” of patients developing 
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symptoms after 3 to 4 weeks of a continuous challenge would have led to 
this subgroup of infants not being classified as having food sensitivity by 
Goldman’s criteria (48 hours of clinical observation). The delayed devel- 
opment of mucosal abnormalities might be missed if the biopsy is per- 
formed soon after oral challenge. In addition, these mucosal abnormalities 
may have a patchy distribution within the small bowel®* and, thus, normal 
biopsy specimens may be obtained in sensitive subjects due to sampling 
error. Several authors have shown that the susceptibility to an adverse 
reaction to cow’s milk—containing formula decreases with advancing age, 
possibly reflecting maturation of the mechanisms affecting oral tolerance 
and intestinal permeability.’ °° 8° Thus, some infants’ sensitivity may 
spontaneously have resolved by the time of diagnostic testing. 

With these exceptions, most investigators currently use an approach 
based on initially observing the response to milk withdrawal (Fig 1). Diag- 
nostic challenge is usually performed after a period of at least 1 month to 
allow adequate healing and, when possible, closer to 1 year of age to allow 
for possible spontaneous resolution of disease. Because some reactions 
may be severe, challenge is usually performed in hospital with close ob- 
servation to document the clinical response. Previous small intestinal injury 
may result in persistent lactase deficiency. Thus, a lactose breath hydrogen 


Patient with suspected allergic gastrointestinal disease 
Document presence of lesion by biopsy 


Withdrawal of offending antigen 


No response Good response 
Assess compliance with Allow recovery 


dietary modification 


/ ‘ 


Not compliant Compliant Rechallenge 
Evaluate for No Positive 
other cause response response 
Continue on Withdraw 
liberalized antigen; 
diet consider 
rechallenge 
in future 
FIG 1. 


Approach to the patient with suspected food sensitivity. 
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test may be performed prior to the challenge to rule out lactose malab- 
sorption as a potential confounding variable. Challenge is performed with 
increasing dosages of the suspected antigen until a clinical response is ob- 
served. Alternatively, capsules with dried nonfat milk can be used for dou- 
ble-blind challenge in situations where equivocal results are obtained by 
unblinded challenge.” If no clinical response occurs then the child is con- 
tinued on an unrestricted diet with close outpatient follow-up to document 
continued well-being and weight gain. Small intestinal biopsy plays a lim- 
ited role, usually employed in the initial evaluation of the patient, to doc- 
ument the presence of a small intestinal mucosal lesion in the child pre- 
senting with either protein-losing enteropathy or malabsorption. 


Gluten-Sensitive Enteropathy 


Gluten-sensitive enteropathy, or celiac sprue, is the model for gastrointes- 
tinal manifestations of food sensitivity. While the clinical features and pu- 
tative pathophysiologic mechanisms involved in celiac disease have been 
extensively reviewed elsewhere,®’ several points deserve mention for com- 
parison and contrast with cow’s milk— and soy protein—induced small in- 
testinal damage. Similar to milk-induced disease, celiac disease commonly 
presents with symptoms and signs of malabsorption including diarrhea, 
weight loss, and abdominal distension. However, the presentation of celiac 
disease is not confined to infancy. The recognition of celiac disease in older 
patients may be associated with a wide variety of presenting symptoms 
including short stature, chronic constipation, behavioral disturbances, or 
vitamin deficiency syndrome.®” 8° 

For both celiac disease and milk-induced enteropathy the precise mech- 
anisms of intestinal damage remain to be elucidated. Either a direct toxic 
effect of gluten or a gluten-induced activation of local mucosal humoral 
and cellular immune responses has been implicated in the pathogenesis of 
celiac disease.*? Similarly, abnormal humoral and cell-mediated immune 
responses to cow’s milk and soy have been found in patients with milk- 
sensitive enteropathy.”” °1 In addition, histologic studies have detected 
similar histologic and morphometric changes in the two diseases.” % 
However, clinical and epidemiologic information suggest that there are dif- 
ferent factors that predispose to these two conditions. Familiar clustering 
of celiac disease as well as a recognized association with the HLA antigens 
B8 and DW3 support a role for genetic factors in the susceptibility to glu- 
ten.®? The tendency for milk- and soy-induced enteropathy to occur in 
infants and to resolve with age favors a primary role for development and 
maturational factors being of pathogenetic significance. This is supported 
by the previously mentioned alterations in oral tolerance and intestinal 
permeability which occur during infancy. 

A second aspect of celiac disease relates to the varied responses to di- 
etary gluten that have been described. Walker-Smith™ reported a syn- 
drome of transient gluten intolerance in infancy leading to diarrhea and 
malabsorption which, similar to cow’s milk enteropathy, resolves with age. 
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Several subjects have also been described who have had abdominal pain 
and diarrhea that responded to gluten withdrawal, recurred on rechal- 
lenge, but was not associated with the typical histologic changes of celiac 
sprue.”* 7° Finally, malabsorption of the carbohydrate component of 
wheat, associated with an elevated breath hydrogen concentration, has 
been demonstrated in normal subjects.” This may cause symptoms of 
malabsorption without an associated adverse immunologic response to 
gluten. Thus, for a given dietary antigen, variability in the local immune 
response of the human gastrointestinal tract may occur. 

The tendency for milk sensitivity to resolve, in contrast to celiac disease, 
which is a lifelong problem, has led to a more rigorous approach to the 
diagnosis of celiac disease. Because of the focality of the lesion and the 
timing of clinical abnormalities after oral challenge, the benefit of small 
intestinal biopsy is controversial in the management of milk sensitivity. In 
contrast, most authors recommend the use of three biopsies to establish 
the diagnosis of celiac disease.®’ An initial biopsy specimen documents the 
presence of a diffuse small intestinal mucosal lesion. The second biopsy 
specimen verifies improvement on a gluten-free diet, and the third biopsy 
specimen documents mucosal injury after a gluten challenge. Unlike the 
patchy lesion of milk protein—induced disease, in celiac disease the mucosa 
is uniformly involved with a lesion characterized by villous atrophy, crypt 
hyperplasia, and a gradient of severity that decreases distally along the 
small intestine. Thus, mucosal biopsy of the proximal small intestine (usu- 
ally performed at the ligament of Treitz) avoids sampling error. Similar to 
milk-induced disease, however, variability has been observed in the timing 
between oral challenge and clinical or histologic relapse. 

The rigorous diagnostic approach to celiac disease previously described 
is the result of a variety of factors. While several nutritional alternatives 
exist as substitutes for cow’s milk or soy formula feeding in infancy, the 
treatment of celiac disease requires lifelong adherence to a gluten-free diet: 
Poor compliance is often associated with relapse of malabsorptive symp- 
toms. In addition, a variety of gastrointestinal (ulcerative jejunitis), immune 
(splenic atrophy), and possibly malignant complications have been linked 
to celiac disease.”?-!°! Thus, the diagnosis of celiac disease must be estab- 
lished prior to committing the patient to lifelong dietary restriction. 


Colon 


Colitis in infants, as a manifestation of food sensitivity, is a well-recognized 
clinical occurrence. ! It generally presents early during the first year of life 
with bloody diarrhea that may be quite severe. Weight loss and failure-to- 
thrive may exist if enteritis is associated.!°% !°4 Colitis has been identified 
in infants fed milk protein, soy protein, and recently, breast milk.!4-10 
Postulated causes for milk- and soy-induced colitis are similar to those 
for the often associated small bowel lesion. Colonic permeability to mac- 
romolecules is known to be increased in neonatal, compared with adult, 
animals.'®’ Active inflammation enhances colonic permeability to macro- 
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molecules,*°8 and thus it is conceivable that an initial inflammatory or in- 
fectious insult may allow uptake and sensitization to dietary antigens. Sim- 
ilar to protein-induced small intestinal disease, the frequency and severity 
of milk-induced colitis decrease with advancing age, suggesting a critical 
role for developmental factors in the pathogenesis of this illness. 

The initial approach to these patients begins with excluding infectious 
causes for colitis. Proctoscopy may reveal mucosal friability, erythema, 
edema, ulceration, or frank hemorrhage. !© 1 This may be useful for es- 
tablishing that the diarrhea and bleeding are due to colonic inflammation. 
Biopsy specimens usually reveal acute and/or chronic inflammation, which 
may be focal, and frequently also show an increase in mucosal eosinophils 
and plasma cells. 10 106, 109, 110 Hirschsprung’s disease, which may occa- 
sionally present with a colitic syndrome, can also be eliminated by biopsy. 
As with other gastrointestinal disease due to food sensitivity, the proof that 
the colonic inflammation is related to an abnormal response to a dietary 
antigen rests on the demonstration that a similar response occurs following 
diagnostic challenge. This is usually performed after the suspected dietary 
antigen has been removed from the diet for a time to allow colonic inflam- 
mation to resolve. As with other food sensitivity—related gastrointestinal 
disease in infants, sensitivity often resolves by the end of the first or second 
year of life. 


Summary 


A wide range of clinical syndromes exist that are related to adverse reac- 
tions to dietary proteins and that affect predominantly the gastrointestinal 
tract of infants and children. Experimental data suggest a critical role for 
developmental alterations affecting intestinal permeability and the mucosal 
immune response that predispose to these conditions. The diagnostic and 
therapeutic approach to these disorders varies depending on the nature of 
the presumed offending antigen, the anatomic site affected, the severity of 
the inflammatory process, and the implications for future dietary and med- 
ical management. Ultimately, the proof that a particular dietary antigen is 
responsible is dependent on observing the response to oral challenge. 
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A full generation of children has grown up since the passage of the Clean 
Air Act of 1970. National outdoor air quality was rapidly and significantly 
improved by the concurrence of regulatory enforcement and the economic 
crisis of rising costs for fossil fuels. Simultaneous and progressive concern 
with the deteriorating quality of indoor air related to energy conservation 
techniques of construction, new building materials, alternate modes of 
thermal energy, and the continuing introduction of synthetic chemicals as 
household products. In only 10 years, the wood-burning stove went from 
a symbol of ecologic adaptation to a respiratory hazard. Parents now turn 
to their pediatricians with complex questions concerning the detection, 
elimination, and health effects of indoor pollutants. To assist in the re- 
sponse, this is a review of the major categories of pollutants, their effects 
on the health of children, and the current estimates of latent risk. 


Historical Perspective 


Concern with household ventilation dates to antiquity and longstanding 
regulations predate the new emphasis spelled out by the Radon, Gas, and 
Indoor Air Quality Research Act of the 1986 Superfund Bill (PL 99-499). 
In 1824 Tredgold’ proposed an exchange of 4 cubic feet per minute (cfm) 
per person between indoor and outdoor air to prevent stuffiness and main- 
tain the COz concentration below 0.1% (Fig 1). By 1887 Carnelley et al.? 
proposed a microbial level of below 12 microorganisms per liter. In 1895, 
The American Society of Heating and Ventilation Engineers adopted the 
recommendations of Billings? of an exchange of 30 cfm, incorporated in 
the building codes of 22 states by 1925. In 1936 this was downgraded to 
10 cfm as adequate to control body odors. In 1975 an energy-saving stan- 
dard of 5 cfm was proposed by the American Society of Heating Refrig- 
eration and Air-Conditioning Engineers and was subsequently incorpo- 
rated into the building codes of 45 states. The 1975 standard led to a gross 
reduction of the air supplied to building occupants and to widespread com- 
plaints of the “‘tight building syndrome”’ in both commercial buildings and 
residences. 

Adv Pediatr 35:239-280, 1988 239 
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Historical development of ASHRAE standards.’* 133 (From Mage DT, Gammage 
RB: Evaluation of changes in indoor air quality occurring over the past several 
decades, in Gammage RB, Kaye SV, Jacobs VA (eds): Indoor Air and Human 
Health. Chelsea, Mich, Lewis Publishers, Inc, 1985. Used by permission.) 
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As an example, newer homes have a median of 0.5 air changes per 
hour as compared with the 0.9 exchanges in older homes.* The signifi- 
cance of these decreases in ventilation must be considered in association 
with the perception that people spend more time indoors. One of the few 
facts supporting this impression is the increase in the average daily running 
time of a TV set from 4 to 5 hours in 1950 to 7 hours in 1983.5 Whether 
this represents a trend, children spend over 75% of their time indoors and 
most spend at least 40 hours a week in “‘tight buildings.” Just as the impact 
of all diseases, from malnutrition to mental illness, is greater than the sum 
of the parts, so is the stuffy building syndrome. The multiple physical com- 
plaints of occupants of stuffy buildings have never been really explained 
by any single component, not even by psychologic distress and hysteria.° 
Despite the almost complete lack of information on the synergistic, addi- 
tive, and antagonistic effects of composite exposures, there are sufficient 
data concerning individual pollutants to merit the attention of all concerned 
with environmental effects on child health. This review focuses on the ma- 
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jor groups: combustion gases, environmental tobacco smoke, asbestos, 
volatile organic gases, radon and nonionizing radiation, pathogens, and 
allergens. 


sn 


Combustion Gases 


The combustion of fossil fuels and of wood and plant materials results in 
the emission of complex mixtures of organic and inorganic gaseous and 
particulate pollutants. The primary contaminants are three products of in- 
complete combustion: carbon monoxide, nitrogen dioxide, and sulfur 
dioxide. The current National Ambient Air Quality Standards (NAAQS) for 
these provide a reference for interpreting subsequent data on indoor air 
quality (Table 1). The NAAQS levels are maximal or unhealthful levels, 
and the 1- to 24-hour averages are not to be exceeded more than once a 
year. Ambient air levels of this magnitude require a public warning for 
persons with heart or respiratory ailments to reduce physical activity and 
outdoor exertion. 

As regulated criteria pollutants for ambient air, considerable information 
exists concerning their sources, transport, analysis, biologic disposition, and 
health effects. The wide range of emission rates for these combustion-re- 


eee 


TABLE 1. 

NAAQS Primary Standard 

A nt 
pg/cu m ppm 

ee ppm 


Sulfur oxides 


Annual arithmetic mean 80 0.030 

24-hour mean 365 0.14 
Suspended particulate matter 

Annual geometric mean 75 

24-hour mean 260 
Carbon monoxide 

8-hour mean 9.0 

1-hour mean 35.0 
Ozone 

1-hour mean Z35 0.12 
Nitrogen oxides 

Annual arithmetic mean 100 0.05 
Lead 

90-day arithmetic mean 1.5 (under 


reevaluation) 
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lated gases from indoor sources as compiled by the Department of Energy 
in Table 2’ indicates the difficulty in developing comparable standards for 
indoor air. 


es 
Carbon Monoxide 


CO, the most lethal air pollutant, is at measurable levels in almost all in- 
door environments, especially in winter, as summarized in several recent 
reports (Table 3).® 

In the sampling of the air of 21,543 homes, 4.3% of samples exceeded 
the current 8-hour NAAQS concentration for CO of 9 ppm (not to be 
exceeded more than once a year); CO relates primarily to the season and 
the number of smokers but also to the use of gas heaters and gas ranges. 

Carboxyhemoglobin (COHb) levels in peripheral blood are still accepted 
as an accessible physiologic marker to estimate internal CO burdens due 
to the combined contribution of endogenously and exogenously derived 





TABLE 3. 
CO Concentrations of Indoor 
Microenvironments* 
Co 
Concentration 
(ppm) 

No. of SSS 
Site Sites Mean SD 
Public garage 116 13.46 18.14 
Service station or repair 125 OMI, O58 

facility 

Shopping mall 58 4.90 6.50 
Residential garage 66 4.35 7.06 
Restaurant 524 Syl 4.35 
Office 2,287 3.59 4.18 
Store 734 3:23 5.56 
Health care facility 351 Dee 4.25 
Residence 21,543 2.04 4.06 
School 426 1.64 2.76 
Church 179 1.56 3:35 


*Adapted from Akland GG, Hartwell TD, Johnson TR, et al: 
Measuring human exposure to carbon monoxide in Washington, 
DC, and Denver, Colorado, during the winter of 1982-1983. 
Environ Sci Technol 1985; 19:911-918. 
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CO. The baseline physiologic norms for nonsmokers are estimated as 
0.3% to 0.7% COHb. The baseline COHb in smokers typically exceeds 
3%. Levels in children and others inhaling environmental tobacco smoke 
may be intermediate. 

For adults with angina, 5.0% COHb is the risk level. Decreased oxygen 
capacity and decreased work capacity under maximal exercise conditions 
are demonstrated in healthy young adults at 5.0% COHb with a small 
decrease at levels as low as 2.3% to 4.3% (Table 4).?~°° 

The role of ambient exposure to CO has been postulated but not estab- 
lished in the reduced birth weight of infants exposed in utero to passive 
tobacco smoke, as has the association of delayed postnatal growth and 
sudden infant death syndrome. In rats, chronic prenatal exposure at ma- 
ternal levels of 65 to 150 ppm is associated with delayed learning and 
cerebellar hypoplasia.*! In humans, there are inadequate data defining fe- 
tal response to chronic low dose or acute episodic CO except for the 
grossly adverse effects on the fetus of symptomatic CO poisoning during 
pregnancy. 


__ ee eee ees 


TABLE 4. 
Statistically Significant Human Health Effects Associated 
With Low Level Carbon Monoxide Exposure* 

ee ee eee ee ne 





COHb 
Effects Concentration (%) 
—— Sv FSS. "__ Concentration (%) 
Decreased (~3% to 7%) work time to exhaustion 2.3 to 4.3 
in exercising, young, healthy men!® 1! 
Shortened duration of exercise before onset of pain 2.9 to 4.5 


in angina patients and increased duration of 
angina attacks!* 
Decreased maximal oxygen consumption and 5.0 to 5.5 
exercise time during strenuous exercise in young 
healthy men}*-15 
Statistically significant diminution of visual Oto 17:0 
perception, manual dexterity, ability to learn, 
performance in complex sensorimotor tasks such 
as driving!®*° (but not below 5% COHb!® Posey 


*Adapted from US Environmental Protection Agency: Revised Evaluation of Health 
Effects Associated with Carbon Monoxide Exposure: An Addendum to the 1979 Air 
Quality Criteria Document for Carbon Monoxide, EPA report no. EPA-600/8-83-033F. 
Office of Health and Environmental Assessment, Environmental Criteria and Assess- 
ment Office, NTIS, PB85-103471, 1984. 
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Nitrogen Dioxide 


In the presence of indoor sources such as cigarette smoking or gas stoves, 
NOs levels are invariably higher than the outdoor NOs. Figure 2 illustrates 
the diurnal variation in NOs in a home with a gas stove with peak levels 
of 150 wa/cu m. Under other circumstances, short-term NO» concentra- 
tions exceed 1,000 g/cu m in gas homes during cooking in the kitchen. 
The effects of NOz have been extensively studied®” °° in development of 
the annual average, outdoor air quality standard (NAAQS) of 0.05 ppm 
or 109 ya/cu m. 

The controlled human studies cited in Table 5 have identified asthmatics 
as highly susceptible to decrements in pulmonary function at levels as low 
as 0.01 ppm.? None of these studies are on children and there are no 
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FIG 2. 

Diurnal indoor/outdoor pattern for NO2 in a home as the composite of 6 days of 
data (spring-summer, 1973).'** (From Mage DT, Gammage RB: Evaluation of 
changes in indoor air quality occurring over the past several decades, in Gammage 
RB, Kaye SV, Jacobs VA (eds): Indoor Air and Human Health. Chelsea, Mich, 
Lewis Publishers, Inc, 1985. Used by permission.) 
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TABLE 5. 


Controlled Human Exposure to NO: Pulmonary Function 





Study 
Population 


20 asthmatics 
20 normals** 


9 asthmatics*° 
15 normals 

15 asthmatics*° 
6 normals?” 


31 asthmatics*® 


15 asthmatics®? 


13 asthmatics”? 


oo eee 


controlled studies that adequately test a synergistic effect with other pollu- 


Concentration 


NO: 0.15 ppm 
(NOz + O3) 0.15 ppm 


Duration of 
Exposure and 
Activity 


1 hr at rest 


1 hr at rest 


2-hr intermittent 
light exercise 


2-hr intermittent 
light exercise 


30 min with 10 
exercises (VE 
= 30 L/min) 


90 min with 3 
intermittent 
exercises (VE 
= 45 L/min) 


Pulmonary Effects 


Decrease in carbachol- 
induced specific airway 
conductance in normals 
(P < 0.005) and also in 
asthmatics (P < 0.05) 

No significant effect on airway 
resistance, FEV,, or volume 


of isoflow 


Significant decrease (>5%) in 
airway conduction/thoracic 
gas volume with O3 and 
O3-NOz; borderline 
decreases with NO» 

No effect on forced expiratory 
function (FEV;) or total 
respiratory resistance with 
NOz alone. Borderline 
increase of methacholine- 


induced 


bronchoconstriction in 17 


of 21 subjects 


Decreases in FEV, 
significantly greater 
following exercise; increase 
in airway reactivity to cold 


air provocation 


Decrease in FEV, following 
initial 10-min exercise. After 
the second and third 
exercise, specific airway 
resistance and FEV, 
decreases significantly 


greater in NO» 


tants, as strongly suggested by epidemiologic studies. 


In contrast to the controlled exposure studies, the major epidemiologic 
studies of the effects of gas cooking on lung function in children are still 
inconclusive (Table 6).4!~*? Three investigations of large sample sizes*!~*8 
demonstrated statistically significant effects on lung function and five did 
not.“*~° The current consensus is that the peak NO, 


can decrease pulmonary function in asthmatics. 


level of many homes 


a 
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Chronic exposure of the nonasthmatic population to NO» is an even 
more significant cause for concern since animal toxicologic studies une- 
quivocally establish the deleterious effects of acute increases in NO» on 
lung host defenses, biochemistry, and structure. 

In multiple epidemiologic studies of the effect of gas stoves that emit 
NO, as well as other pollutants, school-age children have been the primary 
subjects. Parents have supplied a retrospective history of symptoms and 
retrospective illness. These studies do not establish either the peak or av- 
erage exposure to NO». Of eight major studies reporting data on 1,138 to 
10,106 children per study, six*? * 483 found an excess of respiratory 
symptoms or illnesses particularly before age 2 in children living in homes 
with gas stoves; two did not.°* > In all studies, the relative risk ratios are 
borderline and do not provide consistent evidence of the harmful effects 
of NO2 exposure at the levels produced by household gas ranges. 


LS CO Oe 
Sulfur Dioxide 


As shown in Figure 3, there is considerable daily and diurnal variation of 
SOz in a home. The indoor to outdoor ratios of SOz exceed unity when 
there is a smoker in the home or sulfur kerosene is burned in an unvented 
device. With two kerosene heaters, average indoor levels exceed the out- 
door air maximum of 80 pg/cu m in over 50% of homes. Sulfur dioxide 
exposure is of serious concern to asthmatics since 50% of asthmatic vol- 
unteers experience at least a doubling of airway resistance at concentra- 
tions below 0.75 ppm SOz in exposures as short as 1 minute. There is 
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strong experimental evidence that the deposition of acidic particulates 
greatly inhibits ciliary clearance. Epidemiologic studies of the sulfur oxides 
are typically combined with measurements of total suspended particulates 
(TSPs). Table 7°°©° summarizes five recent studies that demonstrate in- 
creased upper or lower respiratory symptoms and decreased pulmonary 
function in school children and young adults at SO, levels of 103 to 280 
wg/cu m and TSP levels of 60 to 150 and 200 to 250 porcumi <. 
Particulates vary widely in chemical reactivity. They are generally moni- 
tored and distinguished as fine mode (<2.5 sm) and coarse mode (2.5 to 
15.0 xm). Fine-mode particulates deposit primarily in the tracheobronchial 
and pulmonary tract while the coarse-mode particles deposit primarily in 
the nasopharyngeal region, but the increased water solubility of fine parti- 
cles, such as chlorine and ammonia, elicits acute upper airway irritation. 
Honicky et al.® attributed the increased incidence of lower respiratory 
symptoms in 31 children from homes with wood-burning stoves to partic- 
ulates, but the vapor phase and particulate compositions of wood smoke 
are at least as complex as tobacco smoke. 


Environmental Tobacco Smoke 


Environmental tobacco smoke is the primary source of indoor air particu- 
lates and defined as the most complex. The major source of environmental 
tobacco smoke (ETS) is sidestream smoke (SS) emitted from the burning 
end of the cigarette. Mainstream smoke (MS) is inhaled by the smoker and 
then exhaled into the room air or emitted as gases that diffuse through the 
cigarette paper during smoking. As listed in Table 8,” © SS contains up 
to 100 times the MS concentrations of some highly toxic compounds such 
as carbon monoxide, acrolein, ammonia, carcinogenic nitrosamines and 
naphthylamine, cadmium, nickel, and polonium. SS emissions are rela- 
tively similar across all brands of cigarettes. Both MS and SS are com- 
posed of a particulate phase and a vapor phase, the latter being more 
likely to enter the lungs of the passive smoker. The dominant role of to- 
bacco smoke in the indoor exposure to total suspended particulates is well 
established. 

Exposure to environmental tobacco smoke may begin in utero and con- 
tinue throughout childhood. The prediction of maximal susceptibility of the 
developing lung is well established by studies of respiratory symptoms and 
of lung function in children. Table 9°°-”° summarizes six major prospective 
studies: all showed an increase in bronchitis and pneumonia in the first 2 
years of life for children whose parents smoked. 

Studies utilizing biologic markers of exposure such as salivary nicotine 
or urinary cotinine provide more accurate estimates of dose response than 
the overly simplified classification of smokers per household. Despite this, 
at least seven major studies** °°: 7!-”° show an increasing prevalence of 
respiratory conditions in school-age children with an increase in the num- 
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TABLE 8. 

Constituents in Fresh, Undiluted Mainstream Smoke (MS) 
and the Ratio in Diluted Sidestream Smoke (SS) From a 
Whole Nonfilter Cigarette* 

a ee ee eee 


Constituent Amount in MS Range in SS/MS 

Vapor phase 
Carbon monoxide 10-23 mg 2.54.7 
Carbon dioxide 20-40 mg 8-11 
Carbonyl sulfide 18-42 ug 0.03—0.13 
Benzenet 12-48 yg 5-10 
Toluene 100-200 ug 5.6-8.3 
Formaldehydet 70-100 yg 0.1-50 
Acrolein 60-100 ug 8-15 
Acetone 100-250 pg 2-5 
Pyridine 16—40 ug 6.5-20 
3-methylpyridine 12-36 yg 3-13 
3-vinylpyridine 11-30 pg 20—40 
Hydrogen cyanide 400-500 pg 0.11-0.25 
Hydrazine§ 32 ng 3 
Ammonia 50-130 pg 40-170 
Methylamine 11.5-28.7 ug 4.2-6.4 
Dimethylamine 7.8-10 wg 3.7-5.1 
Nitrogen oxides 100-600 jg 4-10 
N-nitrosodimethylamine§ 10-40 ng 20-100 
N-nitrosodiethylamine§ ND-25 ng <40 
N-nitrosopyrrolidine§ 6-30 ng 6-30 
Formic acid 210-490 pg 1.4-1.6 
Acetic acid 330-810 ug 1.9-3.6 
Methylchloride 150-600 wg 1.7-3.3 

Particulate phase 
Particulate matter 15-40 mg 1.3-1.9 
Nicotine 1-2.5 mg 2.6-3.3 
Anatabine 2-20 pg <0.1-0.5 
Phenol 60-140 ug 1.6-3.0 
Catechol 100-360 jg 0.6—-0.9 
Hydroquinone 110-300 pg 0.7-0.9 
Aniline 360 ng 30 
2-toluidine 160 ng 19 
2-naphthylamine+ 1.7 ng 30 
4-aminobiphenylt 4.6 ng 31 
Benz[aJanthracene§ 20-70 ng 2-4 
Benz[a]pyrene* 20-40 ng 2.5-3.5 
Cholesterol 22 wag 0.9 
y-Butyrolactone§ 10-22 yg 3.6—5.0 
Quinoline 0.5-2 ug 8-11 
N’-Nitrosonornicotine§ 200-3,000 ng 0.5-3 
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TABLE 8.—cont. 
ie a a Bs 


Constituent Amount in MS Range in SS/MS 
NNK'|| 100—1,000 ng 1-4 
N-Nitrosodiethanolamine§ 20-70 ng 1.2 
Cadmium 100 ng FZ 
Nickelt 20-80 ng 13-30 
Zinc 60 ng 6.7 
Polonium-210+ 0.04—0.1 pCi 1.0-4.0 
Benzoic acid 14-28 ug 0.67—-0.95 
Lactic acid 63-174 pg 0.5—0.7 
Glycolic acid 37-126 wg 0.6—0.95 
Succinic acid 110-140 pg 0.43—0.62 


*Adapted from National Research Council: The physicochemical nature of side- 
stream smoke and environmental tobacco smoke, in Environmental Tobacco 
Smoke—Measuring Exposures and Assessing Health Effects. Washington, DC, Na- 
tional Academy Press, 1986, pp 25-53. 

{Human carcinogen (US Department of Health and Human Services, 1983). 
tSuspected human carcinogen (US Department of Health and Human Services, 
1983). 

§Animal carcinogen. 
|INNK = 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone. 


63 





ber of smokers. The results of an early study in Tecumseh, Michigan (Fig 
4), are typical.’° 

Substantial data also establish the effects of parental smoking on chil- 
dren’s lung functions. One statistical model derived from data on children 
6 to 10 years (Fig 5) estimates that FEV, growth rate is reduced by 0.17% 
per pack of cigarettes smoked daily by the mother.’ Although seemingly 
minor, the long-term effects are unknown. 

Exacerbation of asthmatic symptoms by environmental tobacco smoke 
is an almost universal complaint. This contrasts with the inconsistency in 
pulmonary function changes evoked by acute experimental exposure of 
asthmatic adults, listed in Table 10.’’-”” In these, experimental reductions 
in pulmonary function seem to relate more to preexisting dysfunction than 
the intensity of exposure. As noted in the National Research Council re- 
view, the frequency and extent of responsivity of asthmatics to tobacco 
smoke have not been defined, nor have the mechanisms for changes in 
airway size.°° Local edema from irritants such as nitrogen oxides, acrolein, 
and ammonia; the release of substance P from capsaicin-sensitive neurons 
in the airway; and hypersensitivity to a tobacco glycoprotein antigen have 
all been incriminated. The vulnerability of children with other obstructive 
lung diseases, especially cystic fibrosis, is also incompletely defined.®° 
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FIG 4. 

Age-adjusted prevalence of respiratory conditions for males, 0 to 19 year-old non- 
smokers, by number of parental smokers in household, Tecumseh, 1962-1965.}36 
(From Higgins M: Critical review of the relationship between passive exposure to 
cigarette smoke and cardiopulmonary disease, in Gammage RB, Kaye SV, Jacobs 
VA (eds): Indoor Air and Human Health. Chelsea, Mich, Lewis Publishers, Inc, 
1985. Used by permission.) 


Household exposure to tobacco smoke is linked with increased rates of 
chronic ear infections and middle ear infusions in young children. Children 
with nasal allergies and recurrent otitis media exposed to ETS may have 
an increased risk for persistent ear infections.°! Convincing evidence exists 
that nonsmoking, pregnant women exposed to ETS on a daily basis for 
several hours are at increased risk for producing babies of low birth weight. 
There is a dose-response relationship between the number of cigarettes 
smoked by the father and the birth weight of children of nonsmoking, 
pregnant women. Studies indicating reduced growth and development in 
children of smokers require further differentiation of the effects of in utero 
exposure from subsequent childhood exposure as well as the contribution 
of highly suspect toxins such as CO, nicotine, and cadmium.®! The only 
encouraging aspect in the overwhelming evidence for the deleterious ef- 
fects of environmental tobacco smoke is the significant decrease in total 
US consumption of cigarettes from 1980 to 1985 (Fig 6).”° 
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FIG 5. 

Calculation of growth rate and level of In(FEV,) for an individual child. The resid- 
uals in the upper panel, i.e., the difference between observed and predicted 
In(FEV;), were regressed on age in the lower panel.’° (From National Research 
Council: Environmental Tobacco Smoke: Measuring Exposures and Assessing 
Health Effects, Committee on Passive Smoking, Board on Environmental Studies 
and Toxicology. Washington, DC, National Academy Press, 1986. Used by per- 
mission. ) 


SS 


Asbestos 


The noncombustion fibrous particles of most concern are those of asbestos 
although there is increasing evidence of the fibrogenic potential of the glass 
fibers and mineral wools. Asbestos is the generic term for fibrous silicates 
of two general types: the serpentine, primarily chrysotile or ‘“‘white asbes- 
tos” of more flexible texture, and the amphiboles, primarily amosite or 
“brown asbestos” and crocidolite or “blue asbestos.” The fibers are con- 
sidered equally toxic to the pulmonary epithelium and to the immune re- 
sponse but crocidolite and other amphiboles have the greatest carcino- 
genic potential for mesothelioma and bronchogenic carcinoma.®2 

At least 90% of the asbestos used in the United States is chrysotile but 
the more toxic crocidolite is found in industrial installations and in the as- 
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bestos-cement pipe used to transport drinking water. Tremolite asbestosis, 
another amphibole, has recently been identified in playbox sand.®° 
Asbestos is a prime example of an environmental risk magnified by the 
universal exposure to low levels beginning at a young age. The risk model 
derived from the observed incidence of mesothelioma in insulation work- 
ers suggests an increase that is exponentially related to the years since the 
first exposure or time raised to a power of 3.2.4 If the risk is exponentially 
related to time although only linearly related to dose, extremely low-level 
exposure of a young child may have a higher risk than occupational ex- 
posure of an adult. Although measurements of the mass of asbestos per 
cubic meter of air are often meaningless since counts by optical micros- 
copy include many types of nonasbestos fibers, the concentrations in pub- 
lic buildings as determined by transmission electron microscopy rarely ex- 
ceed 0.0005 fibers/ml. The mesothelioma model predicts that 20 years of 
exposure to 0.0005 fibers/ml for 40 hours per week has a lifetime risk of 
one case/100,000. When projected to exposure of the entire US popula- 
tion of 220,000,000, this model predicts 2,200 excess cases of mesotheli- 
oma even at minimal levels of exposure. Of respiratory cancers associated 


260 / C.R. Angle 


with asbestos, pleural mesothelioma has the shortest latent period and has 
been reported in a small number of children with exposure to ambient 
dust from mining.®° A pathogenetic mechanism in addition to asbestos has 
been proposed for these cases®° and the data required for a reliable pre- 
diction of the risk of childhood exposure are seriously inadequate. 


Ceeeeeeeeeeeeeeeeeeeeeeeee eee 


Volatile Organic Compounds 


Increasing emphasis is placed on over 350 volatile organic compounds 
(VOCs) that have been identified in concentrations over 0.001 ppm in 
indoor air.°* 8’ Organic compounds are emitted by almost all materials 
and products used in construction, furnishings, consumer products and 
pesticides. A large variety are produced from combustion fuels, tap water, 
and tobacco smoke and by human metabolism. Examples of organic com- 
pounds and their sources are shown in Table 11.81 87 The aliphatic hydro- 
carbons include the alkanes, alkenes, and alkynes from fuels, aerosol pro- 
pellants, and solvents. They also include the organic compounds 
considered primary contributors to indoor odors: limonene, a-pinene, n- 
hexanol, 1,3-xylene, and other terpenes. Halogenated hydrocarbons are 
typically present in tap water, household air, and human breath. Tetra- 
chloroethylene consistently shows the highest breath air correlations of any 
chemical in this group. 

The Total Exposures Assessment Methodology (TEAM) study by the En- 
vironmental Protection Agency (EPA).determined 12-hour integrated ex- 
posures and corresponding breath levels of the 20 to 25 most common 
VOCs in 650 households in six cities.8® 8° Data from 350 participants in 
Bayonne and Elizabeth, New Jersey, were used to estimate the percent of 
population exposed to progressively higher concentrations. Tetrachloroe- 
thylene in personal air monitors indoors exceeded 670 g/cu m in 1% of 
the participants; this is almost three orders of magnitude below the OSHA 
permissible exposure limit, the time weighted average for a 40-hour week, 
of 335 mg/cu mg (Fig 7). A similar indoor/outdoor ratio is evident in the 
data projecting exposure to chloroform (Fig 8). The higher nighttime ex- 
posures of chloroform as measured by personal air monitors in the house- 
hold reflect the high concentrations released from chlorinated tap water 
and absorbed by both the skin and the lungs. 

Persistence of the chlorinated hydrocarbon pesticides in the household, 
particularly chlordane, is frequently associated with illness? and resulted 
in removal of chlordane-heptachlor termite treatments from the market. 
The air levels of the most common residential pesticides as reported in 
three recent studies are summarized in Table 12.9!-93 

Aliphatic hydrocarbons, including carcinogenic compounds such as ben- 
zene and styrene, are ubiquitous. Benzene is now banned from household 
products but is present in gasoline at concentrations up to 15%. Styrene 
is emitted by the majority of plastics and insulation. 
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FIG 7. 

Tetrachloroethylene: Estimated frequency distributions of personal air exposures, 
outdoor air concentrations, and exhaled breath values for the combined Elizabeth- 
Bayonne target population of 128,000.*** The maximal time weighted average 
(TWA) for occupational exposure to tetrachloroethylene (perchlorethylene) is 
335,000 jg/cu m. (From Wallace LA, Pellizzari ED, Gordon SM: Organic chemi- 
cals in indoor air: A review of human exposure studies and indoor air quality stud- 
ies, in Gammage RB, Kaye SV, Jacobs VA (eds): Indoor Air and Human Health. 
Chelsea, Mich, Lewis Publishers, Inc, 1985. Used by permission.) 
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Chloroform: Estimated frequency distributions of personal air exposures, outdoor 
air concentrations, and exhaled breath values for the combined Elizabeth-Bayonne 
target population of 128,000.***? The occupational TWA for chloroform is 50,000 
yg/cu m. (From Wallace LA, Pellizzari ED, Gordon SM: Organic chemicals in in- 
door air: A review of human exposure studies and indoor air quality studies, in 
Gammage RB, Kaye SV, Jacobs VA (eds): Indoor Air and Human Health. Chel- 
sea, Mich, Lewis Publishers, Inc, 1985. Used by permission.) 


Miscellaneous chemicals include methyldiisocyanate and toluene diiso- 
cyanate, released from polyurethane foam insulation and weather proof- 
ing. Both are incriminated as causes of allergic symptoms as are the emis- 


sions from the epoxy resins including trimellitic acid, phthalic acid, 
anhydride, and triethylene tetramine. 
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TABLE 11. 


Examples of Organic Compound Types and Potential Indoor 


Sources 


— a eee 


Pollutant 

Type 

Aliphatic 
hydrocarbons 


Halogenated 
hydrocarbons 


Aromatic 
hydrocarbons 
Alcohols 


Ketones 


Aldehydes 


Miscellaneous 


Example 


Propane, butane, 
hexane, limonene 


Trichlorethylene, 
tetrachloroethylene, 


1,1,1-trichloromethane, 


chloroform, methylene 
chloride, PCBs, benzyl 
and benzal chloride 
Benzene, toluene, 
xylenes, styrene 
Ethanol, methanol 


Acetone 


Formaldehyde, 
acetaldehyde 


Toluene diisocyanate 

Phthalic acid anhydride, 
trimellitic acid, 
triethylene tetramine 

Sodium dodecyl sulfate 


Indoor Sources 


Cooking and heating fuels, 
aerosol propellants, cleaning 
compounds, refrigerants, 
lubricants, flavoring agents, 
perfume base 

Aerosol propellants, fumigants, 
pesticides, refrigerants, and 
degreasing, dewaxing, and dry 
cleaning solvents, tap water, 
appliances, transformers, 
plasticized vinyl tile 

Paints, varnishes, glues, cleaners, 
petroleum products 

Window cleaners, paint thinners, 
cosmetics, adhesives, human 
breath 

Lacquers, varnishes, polish 
removers, adhesives 

Fungicides, germicides, 
disinfectants, textiles, paper, 
cardboard, particle board, 
cosmetics, flavoring agents, 
etc. 

Polyurethane foam aerosols 

Epoxy resins 


Carpet shampoo 


ES 


Formaldehyde is the most intensively studied of the aldehyde com- 
pounds associated with health effects and has been officially classified as 
carcinogenic. The thresholds for eye irritation and detectable neurophys- 
iologic responses are summarized in Table 13.74 All of the clinical studies 
involve an undetermined degree of concurrent emissions of resins, glues, 
and plastics. Asthma is considered a relatively uncommon manifestation of 
formaldehyde sensitivity but has been established with some frequency in 
our clinic. It is suspected in children with respiratory symptoms developing 
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TABLE 12. 

Measurements of Pesticides in 
Residences 

Pesticide Range, pg/cu m 
Chlordane”! 0.1-10.0 
Ronnel?!~ .01-20.0 
Dursban?! 0.2-2.0 
Dichlorvos (DDVP)?? 72 0.05—28.0 
Malathion?!~*? O1=2:0 
Diazinon?) 72 OOIEZO 





TABLE 13. 
Acute Human Health Effects of Formaldehyde at Various 
Concentrations* 
ee mena oh SE ee 
Formaldehyde Reported Effects 
Concentration (ppm) ; 
0.0-0.5 None reported 
0.05-1.5 Neurophysiologic effects (optical chronaxy, 
sensitivity of dark-adapted eyes) 
0.05-1.0 Odor threshold 
0.01-2.0 Eye irritation (other pollutants present) : 
0.10-25 Upper airway irritation 
5-30 Lower airway and pulmonary effects 
50-100 Pulmonary edema, inflammation, pneumonia 
>100 Death 


*Adapted from National Research Council: Formaldehyde and Other Aldehydes. 
Washington, DC, National Academy Press, 1981. 


es 


in a new or remodeled residence or who live in a mobile home, which is 
typically both airtight and almost completely lined with particle board. 
The VOCs are most often incriminated in the sick building syndrome, 
characterized by varying combinations of the symptoms listed in Table 
14.?° Since these symptoms are readily perpetuated and enhanced by psy- 
chosocial feedback, investigation of a public epidemic should be handled 
by experienced epidemiologists and industrial hygienists. Parents who sus- 
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pect that symptoms relate to their own home soon find that commercial 
testing is inordinately expensive. The local health department may help 
narrow the search to molds, pesticides, or VOCs but greater selectivity is 
required before testing. If a VOC is Suspect, one approach is a passive 
organic vapor monitor that will analyze a maximum of three compounds 
from a list of over 90.?° The emission rates of organic vapors usually de- 
cline with time unless they result from weathering of the linings of air ducts. 
Formaldehyde emissions are typically below 0.2 ppm after 2 years of oc- 
cupancy. 

Ventilation is not always the simple answer to the sick building syn- 
drome since an increase in air flow often increases the rate of emission. As 
shown in Table 15”” an increase from 0.54 to 2.71 air exchanges per hour 





TABLE 14. 
The Sick Building 
Syndrome” 





Irritation of eyes, nose, and throat 
Dry mucous membranes and skin 
Skin rashes 

Mental fatigue, dizziness 

Airway infections, cough 
Hoarseness, wheezing 

Nonspecific hypersensitivity reactions 
Nausea, diarrhea 





TABLE 15. ae 
Emission Rates From Particle Board (g/sq m/hr) 





Air Exchange _Loading* 


(hr?) (sq m/cum) Formaldehyde Acetone Hexanal Othersi 
271 1.96 154 37 15 27 
0.54 197, 95 41 26 26 
3.61 0.78 230 38 20 Sil 
0.54 0.39 140 37 24 27 


*Sq m board per cu m air. 
+The sum of emission rates for propanol, butanone, benzaldehyde, and benzene. 
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increases the emission of formaldehyde from particle board.?” Emissions 
are also inversely related to the square meters of particle board per cubic 
meter of air or loading factor. Treatment with ammonia, heat, and time 
have all been effective in formaldehyde abatement but surface sealing or 
removal of the source may be the only answer for other volatile organic 
chemicals. 


a 


Radon and Nonionizing Radiation 


ES et ie OE PENS ee A eS a ee ETE 
Radon 


Although the significance of low-level naturally occurring radiation in hu- 
man carcinogenesis is still to be defined,”? radon 222 has emerged as a 
prime compound for risk assessment for three reasons: (1) the inhaled 
daughters of radon 222 account for approximately half of our baseline 
radiation; (2) integrated measurements of radon 222 are an easily avail- 
able index of its daughter isotopes; and (3) there are human epidemiologic 
data from uranium miners defining the multiplicative interaction of «-radia- 
tion with smoking. In the field of risk assessment, these rank as hard data. 

Radon 222 arises from trace concentrations of radium 226 in the earth’s 
crust. As illustrated in Figure 9, the most chemically and radiologically ac- 
tive daughters, polonium 218 and polonium 214, are short-lived a-emit- 
ters that decay in the tracheobronchial tree during respiration of the fine 
particles.” These progeny also agglomerate with particles and droplets and 
fix to surfaces, confounding the seemingly direct relation of air concentra- 
tion to respiratory dose. Given the relatively short half lives of the polon- 
ium isotopes, their concentration must be in equilibrium with a sustained 
source of radon 222. This permits integrated radon measurements to re- 
flect the probable a-radiation of the lung. It is generally accepted that infil- 
tration of gas from the subsoil is the primary source of radon in US homes; 
under some circumstances, building materials or water supplies from deep 
wells or ground water with little prior aeration make a substantial contri- 
bution. 

The median US residential concentration of radon is considered to be 
1.5 pCi/L but concentrations of one or two orders of magnitude (10 to 
100 pCi/L) are found in some homes. The current EPA action level is 4 
pCi/L. Legislation is pending to permit abatement procedures to qualify as 
tax-deductible medical expenses. The EPA Office of Radiation Programs 
has certified over 300 private radon testing firms. Passive exposure of a 
charcoal canister for 2 to 7 days is usually employed; more accurate tech- 
niques require 1 or more months. 

Since the carcinogenic implications of residential radon derive from the 
chronic high exposure of uranium miners, the validity of extrapolation to 
low-dose exposure is uncertain, as is the effect of age at exposure. Two 


Indoor Air Pollutants / 267 





XBL 831-1055 

FIG 9. 

Decay chain and half lives of radon 222 and its daughters. The darkly outlined 
isotopes have the maximal potential for retention in the lung and acute irradiation 
by alpha decays (dark print).”? (From Nero AV Jr: Indoor concentrations of radon 
222 and its daughters: Sources, range, and environmental influences, in Gammage 
RB, Kaye SV, Jacobs VA (eds): Indoor Air and Human Health. Chelsea, Mich, 
Lewis Publishers, Inc, 1985. Used by permission.) 


divergent estimates of the significance of the median household exposure 
are given in Table 16.1°-! One current risk assessment model estimates 
that background exposure to radon progeny at 0.5 pCi/L accounts for 
approximately 10% of lung cancer in nonsmokers or 30% at 1.5 pCi/L if 
linearity of the dose response is assumed.!°" This estimate supports the 
current consensus that the risk of lifetime exposure to residential levels of 
1.5 pCi/L is equivalent to the lung cancer risk for nonsmokers attributed 
to environmental tobacco smoke. Wilson and Crouch! calculate that 1.5 
pCi/L is equated with 500 mrem/yr and although this is to the lungs, not 
the whole body, they predict 13,500 excess cancers per year. The current 
EPA estimate is that the aggregate effect of all radon exposures is 5,000 
to 20,000 lung cancer deaths per year, the lower bound presumably rep- 
resenting risk for nonsmokers. 

Despite the lack of epidemiologic data to define risk, a large number of 
options have been proposed and implemented to reduce indoor radon. 
These include forced ventilation and pressurization of the house, founda- 
tion sealants, and various modes of ventilation of the subslab and under- 
lying soil. 
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TABLE 16. 

Annual Lung Cancer Deaths in the United States 

Total, 1987 136,000 

Nonsmokers, total, 1985! 12,000 (100%) 
Spouse of smoker! 2,440-5,160 (20%-42%) 
Radon 1.5 pCi/L!” 3,660 (30%) 


Estimated excess cancers, US 
population! 
Radon, 1.5 pCi/L (500 mrem/yr) 13,500 
Medical x-rays 1,100 


Nonionizing Radiation 


In common with radon, the health risk of electric and magnetic fields gen- 
erated by high-voltage power lines and by indoor appliances has been 
legally recognized as a litogen before scientific definition as a teratogen or 
carcinogen. In a 1985 case in Harris County, Texas, a jury found a rea- 
sonable hazard to the health of 4,000 children in schools near a 345-kV 
transmission line.!°* The evidence for this relates to the immunologic and 
teratogenic effects of high-voltage exposure for animal systems and human 
cell cultures!°°-!!° and to two epidemiologic studies: correlation of an in- 
creased incidence of childhood cancers, all types, with power distribution 
lines in front of homes’? and an increase in nervous system tumors in 
children exposed to 50-Hz fields from power lines.'’* A published corre- 
lation of the use of an electric blanket or electrically heated waterbed with 
an increase in first trimester abortions, reduced birth weight, and pro- 
longed gestation is provocative for the lack of discrimination from multiple 
other factors associated with use of these household appliances, 


a 


Pathogens and Allergens 


Although most infections are spread by direct contact, the high percentage 
of immunocompromised children and adults in any hospital population 
necessitates consideration of infections due to airborne contamination. 
One of the earliest and best documented of these was an outbreak of 
tuberculosis aboard the submarine USS Richard Byrd in which a tubercu- 
lin reactivity developed in 140 of 308 crew after 6 months inhaling recy- 
cled air contaminated with infected droplets from a seaman with a cavitary 
lesion.'!* Airborne outbreaks of smallpox, varicella, measles, rubella, and 
anthrax have all occurred.!!* 115 Saprophytic fungi such as Phialophora, 
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Fusarium, Sporothrix, and Geotrichum have all been implicated in oper- 
ating room contamination by vaporizers. The most common clinical infec- 
tions spread by airborne water droplets are summarized in Table 17,11¢-126 


Mvycointoxications 


Fungi that produce mycotoxins may be pathogenic, allergenic, and also 
toxicogenic. The best known of the mycotoxins are produced by three 
genera: Aspergillus, Penicillium, and Fusarium. Aspergillus flavus, Asper- 
gillus fumigatus, and Aspergillus parasiticus produce aflatoxins and tremor- 
genic mycotoxins although others such as Aspergillus niger are not toxi- 
cogenic. At least three of the aflatoxins, By, Bo, and Gj, are potent liver 
and systemic toxins, as well as animal carcinogens and cellular muta- 
gens. !*” 

Trichothecene myotoxins are produced by a variety of molds including 
Stachybotrys, Fusarium, Trichothecium, Trichoderma, Aeromonium, Cy- 
lindocarpon and Myrothenium. Low concentrations of the trichocenes pro- 
duce immunosuppression, hematosuppression, gastrointestinal lesions, and 
reproductive and neurologic toxicity plus symptoms overlapping those of 
the stuffy building syndrome. 

An environmental horror story, rapidly retrieved from the press by 
“stuffy building” occupants with high levels of anxiety, is the report!?® of 
a familial outbreak of Stachybotrys toxicosis in Chicago due to heavy con- 
tamination by Stachybotrys atra of Celotex fiberboard and of a cool air 
return duct. Symptoms included muscle aches and pains, sore throat, 
headache, fatigue, diarrhea, dermatitis, focal alopecia, malaise, and severe 
depression with suicide by one son. The mycotoxins verrucarin B and tri- 
choverins A and B were isolated from the fungus samples from the ceiling 
board and air duct. The symptoms did not recur after thorough cleaning 
and removal of the contaminating fungi. Bacterial and amoebic endotox- 
ins, detected in quantitative air samples by the limulus amebocyte lysate 
test, may also have a direct toxic effect or elicit sensitization as defined for 
humidifier fever. 


ee gee ee 
Allergens 


Any increase in the severity of allergic rhinitis or asthma when indoors is 
evidence for the accumulation of biologically active aerosols: human and 
animal skin scales, plant fibers, bacteria and dermatophytes shed from 
skin, and cockroach, mite, and arachnid fragments and feces. These may 
be intrinsically allergenic or support the growth of proximate allergens, pri- 
marily molds and house mites. 

The house dust mites Dermatophagoides farinae and Dermatophagoides 
pteronyssinus are thought to cause more symptomatic days than any other 
single allergen. Since reproduction of mites is favored at indoor air tem- 
peratures of 23 C and a relative humidity over 55%, maintaining the rel- 
ative humidity below 50% is considered the most important factor in re- 
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ducing mite numbers. The active antigens of house mites are freely soluble 
glycoproteins of 24,000-dalton molecular weight. These persist, although 
in decreasing numbers, after treatment by acaricides or dehydration, ac- 
counting for perennial symptoms. Although quantitation of house mite al- 
lergens is difficult, they are additional examples of indoor air pollutants that 
actually increase with forced ventilation. Abatement involves the time-hon- 
ored techniques of encasement and removal. 

Sensitization to mold spores is thought to require prolonged or repeated 
colonization of the airway, possible for molds with favorable aerodynamic 
characteristics and active growth at 37 C. These are primarily species of 
Aspergillus, Candida, Scedosporium, Scopulariopsis, Geotrichium, Penicil- 
lium, and Paecilomyces.!2? 

Investigation of mold pollution is indicated by the history, skin testing, 
and antibody testing of the patient serum. The enumeration and quantita- 
tion of molds are complex, and the methodologies are summarized in Ta- 
ble 16. 7 Sampling should be conducted in areas where water 
typically collects: bathrooms, basements, refrigerator pans, undersink cab- 
inets, clothes dryer ducts, humidifiers, and cool air return ducts. Settle 
plates and agar slides are commonly used to indicate the presence of 
molds but do not adequately represent small-sized spores, slow growers, 
and temperature-sensitive spores that include those producing trichocene 


eee 


TABLE 18. 
Microbial Sampling!!* 11> 129 


a ot se 


Method Disadvantage 
Collection 
Settle plate/Agar slide Overrepresents large particles but 
useful for screening 
Impaction sampler (Rotorod) Inefficient < 15 (Cladosporium, 
Aspergillus) 


Volumetric pump (Andersen) I Preferred methods 


Suction trap: 7 day (Burkard) 


Analysis 
Visual count Poor differentiation 
Viable particle culture Underestimates slow growers; 
viability irrelevant to 
hypersensitivity 
Antigen specific (ELISA) Tests only specific antigens, cross 


reactivity common!* 5 
Diffusion gel using patient’s or synthesized Excess false positives, negatives!*2. 
antibodies no detection mycotoxins 
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mycotoxins. As in most instances of suspected airborne pollutants, testing 
is more costly than a detailed evaluation of potential sources and thorough 
cleaning. 


SS a ee 
Abatement 


The incorporation of continuous whole-wall plastic sheeting in new and 
renovated houses is considered the major factor in reducing residential 
infiltration to 0.5 air changes per hour, the lower limit of acceptable venti- 
lation. Measures to increase air exchange such as air-to-air heat exchang- 
ers are not widely used. Increased ventilation, despite the increased energy 
cost, is the simplest mode of reducing combustion gases, particulates, fi- 
bers, tobacco smoke, and many volatile organic gases. 

Of the various air cleaning devices electrostatic precipitators and high- 
efficiency particulate air filters have an efficiency beyond that contributed 
by the increase in air flow. They have a significant short-term benefit on 
contamination by particulates including allergens but require scrupulous 
maintenance for sustained efficiency. !8% !31 

Increased ventilation may paradoxically increase the rate of emissions 
from static surfaces such as the combinations of styrene, epoxy resins, 
phenol, and formaldehyde from pressed board; benzyl and benzal chlo- 
rides from plasticized vinyl tile; and sodium dodecyl sulfate detergent and 
mite allergens from carpets and bedding. Removal, encasement, or other 
sealing-off of the source is required. Mold growth is rarely evident on visi- 
ble surfaces but cleaning, sodium hypochlorite, ultraviolet treatment, and 
absolute dehydration of high-humidity sites are effective. Persistent con- 
tamination of the subsoil and wooden footings by chlordane termite treat- 
ment and other pesticides requires sealing with concrete or plastic. Micro- 
bial degradation of polychlorinated biphenyls (PCBs) and other residual 
halogenated hydrocarbons, a crucial need, is still under development. 

A whole new subsidized industry has developed to reduce the gaseous 
entry of soil radon. Since air pressurization is energy expensive in cold 
climates, most of these involve tight sealing of the basement or ventilation 
of the crawl space plus soil ventilation by drain tile systems as well as fans 
in the soil drains or in the hollow block walls of the basement. 


Summary 


A major contribution of the pediatrician is to help families rank the multi- 
tude of pollutants according to their known risk for child health. Elimina- 
tion of household smoking and completely effective venting of indoor 
heating devices are beneficial to all and mandatory in homes of allergic 
children. Acute releases of NO2 by gas ranges and ovens may be a signif- 
icant factor in an increased incidence of respiratory infection, especially in 
children under two years. Despite intensive investigation, immunosuppres- 
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sive and other health effects have not been defined for indoor levels of 
PBBs, PCBs, and related halogenated hydrocarbons. The analytic ability 
to determine nanomolar concentrations of numerous toxic chemicals 
opens a Pandora’s box of inquiry. New methods, particularly immuno- 
logic, are urgently needed to quantitate the dose response to multiple com- 
binations of chemicals and determine their significance for the health of 
the “‘tight-box”’ generation of children. 
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The clinical syndrome of aluminum toxicity was first recognized in 1972 as 
the dialysis encephalopathy syndrome (DES) in patients undergoing he- 
modialysis.’ In 1976, brain tissue of adult patients dying from a progressive 
neurologic disorder while on hemodialysis was reported to contain large 
quantities of Al.? In 1977, we first reported five children who in the ab- 
sence of dialysis developed a progressive encephalopathy similar to that 
observed in adults.* * Each child had a congenital form of renal disease, 
developed renal failure within a few months of birth, and received large 
amounts of aluminum-containing phosphate binders (ACPBs) at a dose of 
240 to 800 mg/kg/dl for a period of months to years. Eventually, plasma 
Al levels were found to be increased in two of these children.® 

Although the initial reports involving adult patients focused on altera- 
tions in CNS function, subsequent studies delineated additional clinical 
problems related to Al. Problems related to Al occur most often in patients 
with renal insufficiency and include encephalopathy, aluminum bone dis- 
ease (ABD), and anemia. Al may also play a role in some degenerative 
CNS diseases and in osteopenia associated with parenteral alimentation. 
Articles dealing with Al now exist in the adult and mature animal literature, 
but fewer studies involving children and growing animals are available; 
however, the role of Al in causing childhood disease is becoming clearer.° 
This article provides an overview of what is known about Al exposure, and 
its pathophysiology as a heavy metal and reviews data relating Al to spe- 
cific diseases from a pediatric perspective. 


a 


Aluminum: A Heavy Metal 


a ld ny 
Distribution 

Al is the third most abundant element and most plentiful metal in the outer 
crust of the planet earth, occurring as various aluminosilicates. Free Al con- 
centrations in natural water are low because Al hydroxide forms stable 
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structures. Al concentration in natural fresh water is in the range of 107° 
to 10~° molar except when the pH of water is less than 4.5 or greater 
than 9.0, when its concentration increases. Al forms strong complexes with 
oxalates and fluorides and it polymerizes as pH changes; complex Al com- 
pounds attach to negatively charged organic solutes. Alum (Al sulfate) has 
been used for many years as a flocculent to clarify turbid water. In most 
aqueous solutions, Al exists in ionized and bound forms. 





Measurement 


The development of atomic absorption (AA) photometry made possible 
routine measurements of Al at concentrations found in biologic speci- 
mens.® Reproducible, accurate measurements, however, have been and 
remain difficult to achieve. Standard AA flame spectrophotometry is ade- 
quate for measuring urinary Al levels, while flameless AA photometry, 
which utilizes a graphite furnace, is needed to measure blood levels of Al. 
Technical difficulties involved in measuring Al cause many problems in 
studying Al in disease and explain the wide range of values observed in 
diseased patients as well as normal individuals. 





Methodology 


Sample contamination is a potentially serious problem. Plastic syringes, stainless 
steel needles, and plastic blood containers (B-D red top containers no. 6430) must 
be used to collect samples, because glass containers carry significant amounts of 
Al.? Some heparin preparations contain Al. Samples may be stored in Falcon plas- 
tic tubes and transported at room temperature. Pipettes and containers used to 
prepare reagents need to be washed with nitric acid or ethylenediamine tetraacidic 
acid, and Al-free reagents must be used. An environmental laminar flow hood 
reduces contamination from dust, cigarette smoke, and other environmental 
agents. Water used for dilutions, etc., should have a resistivity of greater than 18 
megohms. 

Microliter samples are injected into a graphite furnace in the path of an optical 
beam of an Al hollow cathode lamp. The furnace performs three sequential func- 
tions. First, the sample is dried and solvent removed at temperatures ranging from 
80 to 300 C. Second, the sample is ashed at 700 to 1,400 C to remove inorganic 
and organic matrices. Third, the sample is atomized at 2,700 to 2,800 C to gen- 
erate free atoms. The height of the absorption peak is related to the amount of 
Al.’° The major problem in measuring blood samples is the influence of the matrix 
formed when samples are rapidly heated to temperatures greater than 2,500 C.!! 
Both organic (proteins and glucose) and inorganic (mono and divalent ions) com- 
pounds can enhance or depress the Al signal. Diluting or concentrating serum does 
not routinely result in proportional changes in Al measurements because of matrix 
effects. Chemical and physical problems also interfere with Al determinations. 
Chemical interference may be due either to the formation of compounds that do 
not decompose or to the formation of volatile compounds that contain Al. Physical 
problems include background absorption, surface tension, and viscosity. These 
problems are overcome by careful attention to temperature settings, appropriate 
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dilution of samples, drying times appropriate for the volume of sample injected, 
and the use of matrix modifiers such as nitric acid, Triton X-100, etc. The prepa- 
ration of the graphite tube is equally important. Pyrolytically coated tubes, tubes 
soaked in molybdenum, and tubes pretreated with tantalum pentoxide have been 
successfully used. 

Based on the quantity of Al required to change absorbance of Al by 1%, re- 
ported Al sensitivites range from 13 to 40 pg with a coefficient of variation of 2.9% 
to 7.0%.’ Accuracy is usually determined by an inhouse sample to which a known 
quantity of Al has been added. Precision is ascertained by measuring the variation 
between repeated measurements and between batches. It is suggested that all sam- 
ples from a given patient be processed by the same laboratory and that consider- 
ation be given to correcting for interassay differences. 


Aluminum Physiology 


Presently, the only available tools to study Al physiology are balance stud- 
ies and tissue measurements. The average intake of Al in normal adults 
ranges from 3 to 5 mg/day. In normal adults, 98% of ingested Al is not 
absorbed.'* Most absorbed Al is excreted by the kidney if the glomerular 
filtration rate (GFR) is normal.'* Renal clearances of Al range from 2% to 
50% of normal GFR. Urinary concentrations are indicators of Al intake. 
Usabie radiolabeled isotopes of Al are not available to study Al physiology 
in humans.’® In normal adults, urinary Al excretion increases from 15 mg/ 
day to 250 to 350 mg/day after ACPBs are ingested.!© The low renal 
clearance of Al at low serum Al levels may be related to binding of Al by 
a saturable plasma component at Al blood levels less than 200 g/L.” Al 
is tightly tissue bound and exists in blood in bound and free forms. Al 
binds mainly to serum transferrin and albumin’®; the biologic significance 
of this binding is unknown. Both transferrin and albumin may play a role 
as Al detoxicants; theoretically, lowered serum levels of either may in- 
crease the risk of Al toxicity. 

Balance studies in normal adults indicate that 0.02% to 0.10% of in- 
gested Al is retained; the remaining Al, which is absorbed, is excreted in 
the urine. Al is absorbed in its ionized form, which is affected by gastric 
pH. The solubility of Al(OH)3 increases 100,000-fold when the pH falls 
from 6.5 to 5.5.17 Additional factors leading to an increased gut absorption 
of Al include uremic-induced changes in parathyroid hormone (PTH) and 
vitamin D metabolism and perhaps low calcium states.’ A common path- 
way for gut absorption of Al, lead, iron, cadmium, and cobalt may exist.!° 

Experimental studies have expanded our understanding of how Al is 
handled once it enters the body. Following an initial rapid intravenous 
infusion of 1 mg/kg elemental Al to unanesthetized dogs, plasma half-life 
of Al was 276 minutes with a distribution volume of approximately 6.0% 
of body weight.2° The quantity of Al excreted by the kidney was 10% to 
21% after 150 minutes. Mean serum Ca increased from 9.4 to 11.1 mg/dl 
and immunoreactive PTH (iPTH) fell by 27%. Plasma clearance exceeded 
renal clearance, suggesting tissue deposition. Other studies report that Al 
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given parenterally is not excreted in bile or via the intestines.2! Chronic Al 
infusions given over 3 to 5 weeks were associated with the development 
of hypercalcemia and depressed renal function, which by itself was not felt 
capable of explaining the changes in serum Ca. Also, since iPTH remained 
normal or increased, it was believed that serum ionized Ca levels had not 
changed. Because serum 1,25(OH)2D fell while 25(OH)2D did not change, 
a direct effect of Al on 1,25(OH)sD synthesis by proximal tubules was 
suggested, 72 

In rats, a 2-hour infusion of Al, 0.4 mg Al per 100 gm of body weight, 
increased mean total Ca from 9.7 to 12.7 mg/dl while ionized and ultrafil- 
terable Ca decreased from 5.1 to 4.05 mg/dl and from 5.4 to 4.53 mg/dl, 
respectively.2* The proposed mechanism for these changes is that Al in- 
creased bound Ca either by directly complexing Ca or by complexing with 
already bound Ca. Consequently, concentrations of ionized Ca fell and 
additional ionized Ca was mobilized from Ca stores to replenish the lost 
ionized Ca. 

Al also elevates serum Ca in vitamin-D-deficient chicks, further support- 
ing the hypothesis that Al-related hypercalcemia results from an increased 
release of Ca from bone.** 


General Mechanisms of Aluminum Toxicity 


Metals must bind to cofactors or proteins to become biologically active.” 
It appears that Al interferes with reactions that involve cations (Ca, Mg, Fe) 
which have similar properties. Although the biochemical basis of Al intox- 
ication remains incompletely understood, Al is known to interact with a 
number of proteins and cofactors involved in intermediary metabolism. Al 
combines with adenosine triphosphate (ATP) to form AI-ATP, a competi- 
tive inhibitor of hexokinase.*© Other enzymes inhibited by Al include ca- 
techol-O-methyl transferase, ceruloplasmin (ferroxidase), cholinesterase, 
choline acetyltransferase, glycerokinase, and Mg—adenosine triphospha- 
tase. Al also inhibits calmodulin?” 28 and erythrocyte dihydropteridine re- 
ductase and activates adenylate cyclase and d-aminolevulinic dehydratase. 


Aluminum Exposure 


Currently, the major sources of Al exposure for patients with renal failure 
are ACPBs (Tables 1 and 2), Al-containing additives (Table 3) used in 
preparing intravenous solutions, possibly Al-containing salts used in infant 
formula preparation (see Table 3), and Al absorbed from water used in 
dialysis.” Foods and cookware may also minimally contribute to the total 
Al burden. It is difficult to determine the precise Al burden that patients 
with Al-related diseases receive. For example, patients often do not ingest 
all of their prescribed ACPBs. Less well appreciated is that many antacids 
are combination preparations and many such agents contain Al(OH); in 
amounts ranging from 6 to 138 mg per tablet or per teaspoon. The Al 
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TABLE 1. 


Aluminum Content of Various Drugs 


Product 


Alu-Cap (Riker) 
Dialume (Armour) 
Alagel (Century) 
Amphojel (Wyeth) 


Aluminum hydroxide 
(Schein) 

Alu-Tab (Riker) 

Aluminum hydroxide 
gel, USP (Various) 

Concentrated 
aluminum hydroxide 
(Roxane) 

Alternagel (Stuart) 

Phosphaljel 

Rolaids Antacid 

Basaljel 


Lowsium 
Riopan 


Sucrafate 


How Supplied 


Capsules: 475 mg 
Capsules: 500 mg 
Suspension: 320 mg/5 ml 
Tablets: 300 mg, 600 mg 
Suspension: 320 ma/5 ml 


Tablets: 500 mg 


Tablets: 600 mg 

Suspension: 200 mg Al,O;/ 
5 ml 

Suspension: 600 mg 


Liquid: 600 mg/5 ml 

Suspension: 233 mg/5 ml 

Tablets, chewable: 334 mg 

Capsules: Equivalent to 500 
mg aluminum hydroxide 

Swallow tablets: Equivalent 
to 500 mg aluminum 
hydroxide 

Suspension: Equivalent to 
400 mg aluminum 
hydroxide per 5 ml 

Extra strength suspension: 
Equivalent to 1,000 mg 
aluminum hydroxide/5 ml 

Tablets: 480 mg 

Suspension: 480 mg 

Suspension: 540 ma/5 ml; 
(140 mg Al,03) 

Tablets: 100 mg 


Elemental Al in mg 


164 mg 
173 mg 
111 mg 
104 mg 
207 mg 
111 mg 
173 mg 


207 mg 
106 mg Al 


207 mg/5 ml 
207 mo/5 ml 
51 mg/5 ml 
63 mg 

173 mg 


173 mg 


138 mo/5 ml 


346 mg/5 ml 


66 mg Al 
66 mg Al/5 ml 
74 mg Al/5 ml 


182-207 mg/Al per tab 





content of a few of the better known combination antacids follow: Maalox, 
Mylanta, and Gelusil, number 1 and 2 tablets contain 69 and 138 mg of 
Al; Nephrox contains 111 mg of Al; and Di-Gel liquid contains 98 mg per 


5 ml. 


Plasma Al concentrations rise twofold to threefold after 3 days of in- 
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TABLE 2. 
Percent Elemental Aluminum Contained in 
Aluminum-Containing Drugs 





Aluminum Salt % Al Contained in Salt 
Aluminum hydroxide 34.58 
Aluminum phosphate ZoN2 
Dihydroxy Al carbonate 18.74 
Bismuth aluminate 20.97 
Alurninum oxide 52:91 


% yield of Al oxide 


Aluminum glycinate 35.5-38.5 
Aluminum carbonate yl 
Hydroxymagnesium 18-26 


aluminate (magaldrate) 





gesting 2.2 gm of ACPBs, Al(OH)3, AICO3, or dihydroxyaluminum 
aminoacetate.’® Urinary Al excretion also increases considerably but not 
to values that can account for all the ingested Al being absorbed and ex- 
creted. 

The nature of the anion bound to Al may influence tissue deposition. Al 
citrate may increase tissue Al accumulation.°° Some patients have been 
reported to develop acute fatal encephalopathy after receiving citrate in 
addition to Al(OH)3. However, it has been reported that Al accumulation 
in the femur and brain of weanling rats did not differ when the source of 
Al was Al(OH); or Al citrate.°! 

The Al content of many agents has only recently been systematically 
evaluated. For example, the ingestion of sucralfate (which contains 21% 
Al by weight and is used to treat dyspepsia) raises plasma Al and can lead 
to Al toxicity in patients with end-stage renal disease (ESRD).°? 

A number of agents used to prepare parenteral nutritional solutions and 
systemically administered agents are now known to contain significant 
amounts of Al. Also, the ingestion of Al-containing infant formulas may 
lead to Al toxicity in infants with renal insufficiency.*? The source of Al is 
from Al salts used in preparing salts added to the formula. Even though 
breast milk normally contains little Al, the possibility exists that nursing 
mothers exposed to Al-containing agents may develop elevated breast milk 
Al. Human data are not currently available. Dairy cows and lactating rab- 
bits have slightly increased milk Al levels after being exposed to Al. The 
increase is rather small, and no cumulative effect is found after a month in 
newly born rabbits despite doses of Al to their does that lead to an in- 
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TABLE 3. 

Aluminum Content of IV Solutions, Additives, 
Breast Milk, and Infant Formulas* 

a ee ee ACT SMITE Ae MESS oe OD 





Additives and Solutions Aluminum/Content 
(Manufacturer) (ug/L) 
5% Albumin (Armour) 1,108 + 348 
5% Albumin (Cutter) 332 + 92 
25% Albumin (Cutter) 2,570t 
5% Albumin (Hyland/Travenol) 163°="96 
25% Albumin (Hyland/Travenol) 448+ 
5% Albumin (Red Cross) SIs Sil 
25% Albumin, serum albumin 13822 =°2'503 
TPW 10% casein hydrolysate 5:056; +:.335 
10% calcium gluconate 
5% dextrose Oi alana 
Heparin, 1,000 units/mL 684 + 761 
Potassium chloride, 3,000 mmol/L 67 
Potassium phosphate, 3,000 mmol/L 16,598 + 1,801 
Sodium chloride, 4,000 mmol/L (oy fas 
Aluminum Content 
Infant Formula (ug/L) 
Cow’s milk-based formula 
20 kcal/30 ml 266 = 92 
“Premature”’ (24 kcal/30 ml) 699 + 321 
Enfamil formulas (20 kcal and 24 124 — 391 
kcal/30 ml; ‘“‘Neonatal’’) 
Glucose water 207 
Human milk 9.9 + 6.87 
Similac PM 60/40 (20 kcal/30 ml) 232 + 60 
Similac formulas (20 kcal and 24 126 — 294 
kcal/30 ml; Special Care) 
Soy-based formula 1,478 + 103 


*Adapted from Freundlich M, Zilleruelo G, Abitbol C, et al; Infant for- 
mula as a cause of aluminum toxicity in neonatal uraemia. Lancet 1985; 
2:527—529. Ott SM, Maloney NA, Klein GL, et al: Aluminum is associ- 
ated with low bone formation in patients on chronic parenteral nutrition. 
Ann Inter Med 1983; 98:910—914. Sedman AB, Klein GL, Merritt RJ, 
et al: Evidence of aluminum loading in infants receiving intravenous 
therapy. N Engl J Med 1985; 312:1337—1343. Milliner DS, Shinaberger 
JH, Shubman P, et al: Inadvertent aluminum administration during 
plasma exchange due to aluminum contamination of albumin replace- 
ment solutions. N Engl J Med 1985; 312:165. 

tSingle determinations. 


288 / A.B. Gruskin 


creased tissue Al content,** Despite the unlikelihood of infants developing 
Al intoxication from human breast milk, it seems prudent to advise nursing 
mothers to avoid the regular usage of Al-containing medicinals. It has been 
suggested that the intestinal tract of weanling rats is more susceptible to 
absorbing orally administered Al. 

Some foods contain Al, for example, rhubarb, oatmeal, and carrots, and 
have an aluminum content that varies from 0.43 to 0.55 mg per 100 gm 
of food.*° Cooking of acidic or basic, compared with neutral, foods in cast 
aluminum cookware is corrosive and increases the available Al.” The re- 
sidual Al in food cooked in Al cookware can increase twofold to threefold 
(i.e., from 0.89 to 1.62 mg per 100 gm food). It is also possible to leech 
Al from Al foil during the cooking process.°° Thus, water in which food is 
cooked may have an increased Al content. Ingestion of this water can 
increase the Al burden. Data on Al leeching from cookware after pro- 
longed use are not available, but the prolonged use of Al cookware may 
contribute to a long-term accumulation of Al. Data on the Al content, if 
any, of soft drinks in Al cans are not available. The amount of Al obtained 
from either foods or cookware is of minimal clinical significance when com- 
pared with other sources of Al in patients with renal insufficiency. 

Marked variations in Al concentrations can occur over time in the same 
water supply. Changes in industrial dumping are unpredictable as is the 
washoff into water supplies of natural sources of Al and the addition of 
alum (Al sulfate) as a flocculent to clear municipal water supplies. The Al 
content of water used to prepare dialysate varied considerably prior to the 
widespread adaptation of water-purifying systems. 


Interpretation of Blood Aluminum Levels 


Differences between whole blood and plasma Al are insignificant. Re- 
ported normal values range from 2.5 to 1,800 p/L,*! most likely a reflec-, 
tion of different methodologies and contamination of samples at various 
steps. Current data suggest that normal children and adults should have 
blood Al concentrations less than 10 to 15 wg/L. (Division of 1g or mg 
by 27 converts Al values to umole or mmole.) The inherent difficulty in 
comparing values obtained from different laboratories is illustrated by the 
results reported from three commercial laboratories that received aliquots 
from single samples. Obtained prior to and after administration of desfer- 
rioxamine (DFO), samples differed by a factor of 9- to 10-fold and 1.5- 
fold, respectively.*? The relative increases above baseline values were not 
similar after giving DFO. 

The timing of drawing of blood samples in patients receiving ACPBs 
influences values for blood Al. In a group of 67 patients, mean plasma Al 
levels fell from 132 to 99 ya/L in 21 who had discontinued ACPBs for 24 
hours. In 18 patients given DFO, a positive response occurred in only 
three.*° Such data suggest that the need for additional diagnostic testing 
may be avoided if screening Al samples are collected after ACPBs are 
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discontinued. Furthermore, serum Al levels are known to change after oral 
administration of ACPBs in patients undergoing continual ambulatory peri- 
toneal dialysis (CAPD). In a study of 10 adults on CAPD, serum Al levels 
measured hourly for 8 hours after the oral ingestion of 1,800 mg of alu- 
minium chlorohydrate increased progressively for 5 hours and returned to 
baseline by 24 hours.*! 

Blood values are more helpful in determining the risk of acute rather 
than chronic toxicity. Blood levels and intracellular effects (plasma levels 
and bone A1) correlate poorly in both adults*? and children. However, 
the degree of risk from Al does seem to be grossly related to plasma Al 
levels, particularly in steady state situations. For example, ongoing expo- 
sure to ACPBs for prolonged periods increases the risk of Al toxicity since 
blood Al levels tend to rise over time. The duration and nature of exposure 
are equally important. 


Relationship Between Blood Aluminum Levels and 
Aluminum Toxicity in Children and Adults 


A few examples of the risks associated with Al exposure are considered 
here. Other sections contain additional data relating blood Al levels to spe- 
cific tissue accumulation of Al. 

In children with chronic renal failure, serum Al levels are positively re- 
lated to the dose of elemental Al ingested (Fig 1).4* *° Available data sug- 
gest that serum Al levels greater than 100 pg/L are clearly associated with 
an increased risk of developing Al toxicity in children,“* and many exam- 
ples of Al toxicity have been documented at lower serum levels. One study 
compared six children with Al levels greater than 100 mg/L to 25 children 
with lower levels.*° Five of the six had Al staining on bone biopsy, one 
developed encephalopathy, and four of five and five of five had motor 
and social delay. In the group of 25 children with serum Al levels less than 
100 pg/L, 0/7 had Al on bone biopsy, 0/25 had encephalopathy, and 
had motor delay. 

Many patients undergoing dialysis develop hyperaluminemia from 
ACPBs and Al in the dialysate. Serum Al values in patients on peritoneal 
dialysis vary considerably (Table 4). In a recent report assessing risk factors 
for hyperaluminemia in 51 adults on CAPD, serum Al correlated positively 
with ACPB intake in the previous 6 months, total intake of elemental Al, 
duration of CAPD, and serum phosphate levels.*® Serum Al levels in 
adults undergoing peritoneal dialysis are lower in those not given 
ACPBs.*” 

Serum Al levels in children ingesting ACPBs while undergoing dialysis 
are almost always elevated. Serum Al levels were measured twice (mean 
duration of CAPD, 7.9 and 16.6 months) in 16 children aged 1.5 to 14.2 
years undergoing CAPD (Table 5).** Final serum Al levels (which were 
similar to initial levels) correlated with the child’s mean oral intake of Al (r 
= 0.87; P < 0.001). Most important, inverse correlations existed between 
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FIG 1. 

The relationship between dose of elemental Al and serum Al levels in children with 
chronic renal failure. Significantly elevated serum levels (P < 0.01) were found in 
children ingesting more than 25 mg/kg/day. (From Sedman AB, Miller NL, Warady 
BA, et al: Aluminum loading in children with chronic renal failure, Kidney Int 1984; 
26:201—204. Used by permission.) 


weight (r = —0.68; P < 0.01) and age (r = —0.67; P <0.01) and serum 
Al levels. The younger children were given higher doses of ACPBs. 

The dialysis modality utilized may impact upon serum Al levels; varied re- 
sults have been reported. In 37 children aged 14 months to 19 years undergo- 
ing CAPD or hemodialysis, serum Al levels were lower in those on 
CAPD® *? (Table 6), perhaps due to a decreased phosphate intake and/or 
a reduced need for ACPBs. Continuous (CAPD) as compared with inter- 
mittent forms of dialysis removes more phosphate. Serum Al levels did not 
correlate with midrange iPTH levels. In 17 children aged 0.5 to 18.0 years, 
plasma Al levels were lowest in those on hemodialysis, progressively higher 
in those on peritoneal dialysis, and highest in those not yet on dialysis;*8 
serum levels were related to the intake of ACPBs (r = 0.60; P < 0.01). 

In 185 adult patients treated with ACPBs and dialyzed for 4 to 95 
months with a reverse osmosis water-purifying system (presumed dialysate 
Al level, < 10-15 pg/L), correlation was observed between unstimulated 
(no DFO) plasma Al levels and the duration of dialysis.°° Plasma Al levels 
after DFO increased more the longer one had been on dialysis. These data 
indicate that the body burden of Al had progressively increased. No cor- 
relation could be found between stimulated Al levels and clinical symptoms 
of Al toxicity, measurements of Ca homeostasis, or Hct. In a prospective 
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TABLE 4. 


Serum Al Levels (yg/L) Mean +/— SD in Patients 
Undergoing Peritoneal Dialysis 


Sea a 
Modality* Number Serum Al SD Reference 
Se ee ee ree 
IPD 23 58 3] 253 
IPD 10 138 70 254 
CAPD 51 53 41 45 
CAPD 12 54 NA 255 
CAPD 22 42 NA 205 
CAPD 18 Sd 14 47 
CAPD 29 47 8 41 
CAPD 16 ae 11 48 
PD + hemodialysis 37 180 121 49 
PD+ 5 88 55 43 


*IPD = intermittent peritoneal dialysis; CAPD = continuous ambulatory perito- 
neal dialysis; PD = peritoneal dialysis. 
tType of PD not specified. 


eee 
ee 
TABLE 5. 
Serum Aluminum in Children on CAPD (Dialysate 
Al <5.0 pao/L)*+ 


Duration of CAPD Serum Aluminum Aluminum Intake 


(months) (pg/L) (mg/kg/day) 
7.9 +/-2.1 55.2 +/- 11.4 98 +/-20 
16.6 +/-2.3 59.8 +/— 10.4 104 +/-32 


*Adapted from Gruskin AB, Polinsky MS, Lerner GR, et al: Aluminum intoxi- 
cation in children, in Strauss J (ed): Renal-GU Disorders: Progression, Replace- 
ment Therapy, Growth—Current Concepts in Diagnosis and Management. Mi- 
ami, University of Miami Press, 1987, pp 223-232. Salusky IB, Coburn JW, 
Paunier L, et al: Role of aluminum hydroxide in raising serum aluminum levels 
in children undergoing continuous ambulatory peritoneal dialysis. J Pediatr 
1984; 717-720. 

fIn normal children, serum aluminum = 8.2 + 1.1 g/L and there is no daily 
aluminum intake. 
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TABLE 6. \ 
Relationship of Serum Aluminum to Dialysis Modality 
Phosphate Intake and Midrange PTH*+ 





Peritoneal Hemodialysis P value 
Serum 180.8 +/-— 121.1 278.6 +/— 233.1 < 0.05 
aluminum 
Phosphate 31.6 +/- 21.8 46.0 +/- 34.1 <0.05 
intake 
iPTH 674.7 +/-— 845.2 976.7 +/— 959 0.16 


*Adapted from Polinsky MS, Kaiser BA, Root AW, et al: The effects of phosphate 
binder dose on serum aluminum levels in pediatric maintenance dialysis patients. 
Pediatr Res 1986; 20:456A. 

tNormal values: Al = 10.4 +/— 7 pg/L; iPTH < 250 pg/ml. 








study involving 87 adult patients on maintenance hemodialysis, those with 
serum levels greater than 190 ug/L developed clinical Al toxicity while 
those with Al levels less than 135 ug/L did not.*? As previously mentioned, 
children may experience Al toxicity at lower serum AL levels than adults. 

In dialysis patients with ABD, serum Al levels tend to be higher than in 
renal patients not yet on dialysis with other forms of renal osteodystro- 
phy.*! Considerable overlap exists between serum Al levels and various 
forms of renal osteodystrophy. >” 

Serum Al levels increase after DFO infusion in both adults and children 
with increased tissue stores of Al, particularly Al in bones. DFO effectively 
removes circulating ionized Al from blood, reduces the ratio of free to 
bound Al in blood, and allows additional Al to be transferred from bone 
to blood. The DFO infusion test is increasingly being used to evaluate the 
body burden of Al.* Its use is further discussed in the section on ABD. 

Periodic monitoring of the blood Al concentration (two to four times per 
year) is indicated in children with advanced renal failure and in those un- 
dergoing maintenance dialysis, especially if they are receiving ACPBs. 


Aluminum Intoxication in Patients With Renal Failure 


Central Nervous System Effects of Aluminum 
Experimental Studies 


Al alters CNS and peripheral nervous system function in animals. Motor 
and behavioral changes develop in rabbits and cats 1 to 2 weeks following 
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infusion of Al into brain. Deficits in motor coordination are followed by a 
progressive encephalopathy, apathy, incapacitation, focal seizures, and 
then generalized seizures and death.°* These changes are accompanied by 
the development of an abnormal EEG and evoked potentials.°° Effects on 
short-term memory, conditioning, and retention can be demonstrated.°° 
At autopsy, neurofibrillary tangles are present in the dendrites and stroma 
of neurons and are absent in axons and glia. A single subcutaneous dose 
of DFO 2 hours after intracisternal Al administration followed by a dose of 
Crees 3 days failed to prevent encephalopathy in three of four rab- 
its. 

Species differences exist. The rhesus monkey takes more than a year to 
develop tangles. Mice and rats do not develop neurofibrillary tangles. Nei- 
ther species develops encephalopathy at Al doses tenfold higher than 
those causing encephalopathy in rabbits and cats,°® Al-susceptible animals 
bind 80% of Al on to the chromatin of glia and neurons within 1 hour 
after an intracranial injection; resistant animals. bind only 20% to 30%.°? 

Older animals develop CNS and behavioral changes at lower doses of 
Al. Neurofibrillary tangles develop in the perinatal period and in adults at 
similar doses of Al.° In the neonatally treated animals, neither neurologic 
nor behavioral changes occurred at twice the adult dose of Al; however, 
approximately 75% of the younger animals developed neurologic impair- 
ment at three times the adult dose.®! In cats and rabbits, neurologic dys- 
function occurs when the Al content of brain exceeds control levels bya 
factor of three to six. It appears that Al levels in the adult human brain 
need to increase 10 to 20 times before neurologic signs develop.*° 

As for peripheral nerve function, in rabbits made Al toxic by daily sub- 
cutaneous injections of 60 mg/kg/day for 30 days, peripheral neuropathy 
develops.°* °? Nerve conduction velocity studies show a primary axono- 
pathy. Serial electromyographic studies initially reveal acute denervation 
with fibrillations, bizarre high-frequency discharges, and subsequently, 
complex high-amplitude motor unit potentials. Histologic study shows de- 
nervation and group atrophy in muscle and nonspecific changes in periph- 
eral muscle. In vitro studies show that Al partially blocks acetylcholine- 
evoked contractions of human smooth muscle™ and blocks calcium up- 
take in rat colon longitudinal smooth muscle.© 


Pathophysiology 


Al affects a number of transport and enzyme systems in the CNS. Al is 
inhibited by calmodulin, which is involved with a large number of transport 
systems, binding proteins, and receptors in the CNS.2® © Al decreases Ca 
and Ca-Mg ATPase activity.2” This sequence of alterations may explain 
the high Ca levels in brain tissue reported in patients with Al encephalop- 
athy.°” Al inhibits systems involved in the uptake of choline, glutamate, - 
aminobutyric acid, and serotonin. Al can displace copper, essential for 
brain cytochrome oxidase activity, from some of its metalloenzymes®? and 
ferroxidase (ceruloplasm). 
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In animal studies using Al ion concentrations 100 times that found in 
patients with dialysis dementia, no effects were found on brain mitochon: 
drial pH, Oz consumption, or stimulation with adenosine diphosphate. 
Polarographic studies, however, of isolated rabbit brain mitochondria ob- 
tained after systemic injections of Al have shown 20% and 50% decreases 
in oxidative phosphorylation in cerebrum and cerebellum, respectively.© 


Clinical Features 


What is now known as Al encephalopathy was originally described as the 
dialysis encephalopathy syndrome (DES); the terms are now used inter- 
changeably. Originally it was thought that the syndrome occurred only in 
patients undergoing hemodialysis. Adults with DES follow a typical pat- 
tern.’° ”1 The initial presentation is a mild speech disturbance character- 
ized by stammering and stuttering, often made worse by hemodialysis. 
Next, changes in personality and directional disorientation occur. The 
speech disturbance becomes worse with periods of dyspraxia, hesitancy, 
and muteness. Anomia, hypofluency, muscle fatigue, myoclonus, motor 
apraxia, ataxia, and asterixis develop. Focal, multifocal, or grand mal sei- 
zures; lethargy; depression; and altered mood typically occur. Patients of- 
ten develop auditory and visual hallucinations. Paranoia and suicidal ten- 
dencies may be seen. Eventually the patient becomes immobile, 
obtunded, and nonrespensive; death occurs 6 to 9 months after the onset 
of symptoms. A typical EEG pattern evolves with abnormalities preceding 
clinical symptoms by 4 to 6 months. It is characterized by multifocal bursts 
of slow (delta) and spike activity with normal background activity. Com- 
puted tomography (CT) scans are usually normal but may show cortical 
atrophy. In retrospect, it took about 2.5 years of dialysis with untreated 
water for patients to be at risk and 4.5 to 6.5 years for them to develop 
clinical symptoms. ’! Speech screening tests have been used to detect pa- 
tients with early DES. : 

The world-wide occurrence of Al encephalopathy in children was estab- 
lished by a survey of 96 pediatric nephrology programs. The 63.5% re- 
sponding were caring for 1,616 children.”? Fourteen of 61 centers (five 
foreign, nine American) caring for 728 children reported on 24 affected 
children. Most-children had congenital genitourinary disorders (73.8%) 
and all had been receiving ACPBs. Reported symptomatology included 
personality changes, 92%; dementia, 85.7%; regression of developmental 
landmarks, 69.2%; speech impairment, 78.6%; and seizures, 64.3%. Di- 
alysis had not been started in nine children; thus, it was clearly established 
that encephalopathy occurs independently of hemodialysis. Additional 
children as well as adults not yet started on dialysis have been reported 
to develop encephalopathy as well as elevated serum and bone Al 
levels.’4-7° Adults and children undergoing peritoneal dialysis’” or Al-free 
ose Sis can develop Al encephalopathy. The source of Al is oral 

Bs. 


The typical neurologic features of DES are somewhat different in chil- 
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dren. Many affected children develop encephalopathy during the phase of 
chronic renal insufficiency prior to their requiring dialysis. Encephalopathy 
has occurred at a GFR of 5 to 25 ml/min 1.73 sq m.* ”? Affected children 
often display cerebellar signs, hypotonia, muscle weakness, mental retar- 
dation, regression of developmental milestones, speech disturbance, my- 
oclonus, minor and major seizures, coma, and death. Nystagmus, athetoid 
movements, and twitching tongue movements have been seen. Head cir- 
cumference is within normal limits in most affected children.” 8° The en- 
cephalopathy of progressive renal failure in children has been described as 
evolving through three stages of neurologic change (Table 7).* A bulging 
anterior fontanel has also been described.*! Regression of neurologic func- 
tion was demonstrated in one child in whom formal psychologic exami- 





TABLE 7. 

Progression of Neurologic Changes in 
Children Developing the 
Encephalopathy of Progressive Renal 
Failure* 








Stage 1 
Ataxia, mild 
Dysmetria 
Failure to develop new motor skills 
Hyperreflexia 
Plantar extensor signs 
Tremors 
Stage 2 
Ataxia, marked 
Hypotonia 
Myoclonic seizures, extremities and facial 
Regression in cognitive and motor function 
Saccidic ocular movements 
Stage 3 
Absent response to auditory and visual stimuli 
Absent swallowing with intact gag reflex 
Hypotonia, marked 
Hyperreflexia 
Myoclonus, generalized 
No volitional movements 


*Adapted from Foley CM, Polinsky MS, Gruskin AB, 
et al: Encephalopathy in infants and children with 
chronic renal disease. Arch Neurol 1981; 38:656—658. 
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nation (Bailey and Denver development testing) was normal at age 2.°” At 
age 6, IQ was 57; three other tests revealed multiple deficits of learning, 
processing, language, and memory. Multiple neurologic deficits were also 
demonstrated. CT scans in some affected children show cortical atrophy. 
The relationship between Al and atrophy, however, is unclear. 

In one prospectively followed group of 14 children less than 5 years old 
with chronic renal failure (CRF) not requiring dialysis, most demonstrated 
motor delay in the absence of microcephaly or severe retardation.“ All, 
however, developed behavioral and/or cognitive problems that require 
special education. The majority received ACPBs and had elevated serum 
Al levels. Additional data are still needed to ascertain whether Al can affect 
cognitive function without simultaneously causing motor signs and/or 
symptoms. 

Infants with renal failure thought not to be ingesting significant quantites 
of Al may experience developmental delay and CNS problems. In the ab- 
sence of ingesting ACPBs, 20 of 23 infants with CRF were reported to 
have developmental delay, reduced rates of growth in head circumference, 
seizures and abnormal EEG patterns.®? Whether these children had re- 
ceived either formula or intravenous drugs that contained Al was not de- 
tailed and measurements of serum Al were not made. In another series of 
five children with CRF diagnosed prior to 5 months of age followed pro- 
spectively, the standard deviation score for head circumference fell pro- 
gressively during the first 12 to 18 months of life and then stabilized 84 
Head circumference remained within normal limits and was less severely 
affected than was linear growth. Developmental indices were within nor- 
mal limits in four of the five. One infant received ACPBs; four did not. 
Serum Al concentrations were measured in two infants and was elevated 
in one. Developmental delay has also been observed in infants treated 
with continuous cycle peritoneal dialysis never given ACPBs. Even though 
these groups of infants did not receive ACPBs, it is possible that they had 
been exposed to Al from other sources and that their neurologic deficits 
were in part related to Al. Conversely, other factors, not yet identified, may 
be involved. Also, a case of encephalopathy secondary to an industrial 
exposure of Al powder has been described.® 

Al encephalopathy occurs in two settings, epidemic and sporadic. Some 
hemodialysis centers experienced a large number of cases of encephalop- 
athy while others did not. Epidemiologic surveys established that involved 
centers had used dialysate with a high Al content.8© 8? That ABD was part 
of the Al intoxication complex was initially recognized in patients develop- 
ing encephalopathy.®° A case-control study in which patients were pre- 
scribed similar amounts of elemental Al and vitamin D found that those 
with encephalopathy had more fractures, less hyperparathyroid bone dis- 
ease, a higher blood urea nitrogen, and a lower hemoglobin content.°? 
The water content of Al used in these centers had Al concentrations in the 
range of 100 to 300 fall resulting in a net transfer of Al to patients of 2 
to 3 mg per dialysis.”° In centers with a large number of DES cases, re- 
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moval of Al from water used to prepare dialysate led to dramatic reduc- 
tions in new cases.”) ” It was eventually realized that the oral Al load—in 
addition to that contained in tap water used to prepare dialysate—had 
pathophysiologic significance and accounted for many of the sporadic 
cases of Al encephalopathy. 

Acute deterioration in CNS function following parathyroidectomy has 
been reported in Al-intoxicated adults’? and in one child. Others have not 
observed an increase in Al toxicity after parathyroidectomy in children.?4 
Postoperative immobilization may allow bone sequestered Al to move into 
the blood stream and to be redeposited in brain. It also has been sug- 
gested that brain Al accumulation increases after bone surfaces are satu- 
rated. 


Aluminum Metabolism and Brain Aluminum 


In patients dying from dialysis dementia, Al levels are elevated in bone, 
heart, liver, muscle, and spleen as well as brain.2° The body burden of Al 
in patients with DES has been estimated to be approximately 1.0 gm at 
autopsy” and 1.1 gm by whole body in vivo neutron activation analysis. 7° 
In general, there is a progressive rise in brain Al content as patients expe- 
rience renal insufficiency, dialysis without encephalopathy, and finally di- 
alysis with encephalopathy. Mean brain Al content in normal brain is usu- 
ally less than 4.0 mg/kg. Mean brain Al concentrations in nondemented 
adult dialysis patients ranges from 3.8 to 8.5 mg/kg,” while brain Al con- 
centrations in demented patients range from 12.4 to 33.0 mg/kg.” 1°10 
Values, however, for whole brain Al content overlap in dialysis patients 
with and without dialysis dementia. Asymptomatic patients with CRF often 
have higher concentrations of brain Al than patients on dialysis. Brain Al 
content is also elevated in patients with acute renal failure. 1° 

Gray matter Al content is significantly higher than that of white matter 
in affected adults.” °? 1°? A positive correlation between months on di- 
alysis and gray matter Al content is found in patients with DES.?: !©2 Al in 
affected patients is located in the cytoplasm of cells. 

The neurofibrillary tangles characteristic of Al toxicity in the experimental 
animal are not seen in human autopsy material. However, such tangles 
can be experimentally produced in human neocortical cells.°° In humans, 
Al is found in oligodendroglia and astrocytes but not neurons.© 

Elevated brain Ca! and Mn? levels were thought to contribute to the 
development of Al encephalopathy. Elevated brain Mn has been reported 
in white matter of affected patients who also had elevated brain Al.!°° Two 
findings, however, argue against brain Ca playing a primary role in causing 
encephalopathic symptomatology. One is that brain Ca content is similar 
in dialysis patients with and without DES.°8 The second is that a syndrome 
similar to DES—with the exception of a similar EEG—has been attributed 
to hypercalcemia. 1° 

Two infants with CRF have been reported to have high levels of brain 
Al, 6.4 and 47 ywg/gm, in the absence of ingesting ACPBs, receiving Al- 
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containing intravenous medications, or being exposed to AL-containing di- 
alysate.** Bone Al content in these infants was normal. The source of Al 
was attributed to proprietary infant formula. The brain Al content of a 2.2- 
year-old child with encephalopathy was similar to that of a 20-year-old 
with CRF but without encephalopathy.®° Both had values higher than 
those obtained in three control children less than 2 years old; the second 
had an elevated serum Al level. Both affected patients had elevated serum 
Ca and PTH levels. In one, the brain Ca was marginally elevated above 
the highest control value obtained. In another study comparing children to 
adults, brain Al content in both gray (80 g/gm) and white (47 1.G/gm) 
matter in a child with bilateral renal hypoplasia dying at 8 years of age 
after receiving 43 mg Al/kg/day between the ages of 2 and 6 exceeded 
values reported in adults with DES. !©7 

In a review summarizing 28 cases of progressive encephalopathy in chil- 
dren with CRF from infancy, including the aforementioned cases, evidence 
for Al toxicity existed in seven. Twenty-six received conservative manage- 
ment until the onset of neurologic symptoms and most had their onset 
prior to 2 years of age. 

In patients with encephalopathy, cerebrospinal fluid (CSF) Al levels are 
not usually elevated, but some exceptions exist. In four patients with DES; 
CSF Al levels were approximately 40 to 68 p/L compared with values of 
15 to 20 pg/L in two patients on dialysis; CSF Al concentrations are usu- 
ally less than 10 wa/L in controls.?” In three of the five children originally 
described as having Al-related encephalopathy, CSF Al levels were normal 
when measured many months after stopping ACPBs. One child still had a 
serum Al greater than 150 jg/L.*? A five-month-old child with renal failure 
and encephalopathy had a CSF Al concentration of 14 pg/L." In another 
affected child, serum and CSF Al levels were 178.5 and 3.70 ya/L, re- 
spectively. Inflamed meninges may allow Al to more readily enter the CSF. 
CSF Al was elevated in an adolescent with neurologic deficits and listeria 
meningitis. In affected children, CSF concentrations of copper, norepi- 
nephrine, dopamine, and immunoglobulins are normal. 

Pathologic examinations of brains are limited in children dying with en- 
cephalopathy. Hypertrophy of cortical astrocytes, severe neuronal loss, 
and spongy degeneration in a small brain with dilated ventricles and wid- 
ened sulci were found postmortem in a child dying at age 6 after devel- 
oping neurologic symptoms 2 years previously.” Autopsy examinations of 
adults dying from DES reveal glial proliferation, spongy degeneration, cy- 
toplasmic and nuclear shrinkage, nuclear hyperchronicity, and loss of Nissl 
substance of the outer granular layer of the cerebellum.”° Viral cultures 
and/or brain tissue from affected patients injected into primates, except for 
a single report, have not caused disease. 


Therapy For Aluminum Encephalopathy 


Improvement in neurologic function occurs following cessation of oral Al 
intake in patients with mild encephalopathy. /% 109 T herapy is usually less 


Aluminum: A Pediatric Overview / 299 


effective for more advanced encephalopathy. Patients on dialysis have 
been reported to improve after being switched from Al-containing to Al- 
free dialysate,?> 11° with worsening occurring after reinstitution of 
ACPBs.*” 

Clonazepam improved seizure control, but not myoclonus, in some chil- 
dren. Phenytoin, phenobarbital, and diazepam have not improved seizure 
control in some children,* but diazepam may be helpful in treating my- 
oclonus and seizures early in the course of DES. Improvement, no change, 
and worsening have been reported after parathyroidectomy.** 1"! Para- 
thyroidectomy has failed to improve encephalopathy in affected children. 

After renal transplantation, some adults with DES improve?! 113 while 
others deteriorate more quickly.11! Acute neurologic deterioration thought 
to be related to Al has been observed in a few children within a few weeks 
after renal transplantation.'** Delayed graft function can be associated with 
marked increases in serum Al levels while good graft function increases Al 
excretion.'!° In one report, serum Al levels fell steadily in post-transplant 
patients who had prompt and good graft function.!!© Brain Al content has 
been found to be elevated 4 years after transplantation.!°8 Six of 15 En- 
glish children transplanted before 5 years of age, possibly exposed to 
ACPBs, and systematically followed were reported to be moderately to 
severely retarded.** Possible risk factors were time on dialysis prior to 
transplant and the accumulated Al load. 

DFO has been used to successfully treat Al encephalopathy in adults; 
however, therapy is not universally effective.1!7-!2° DFO infused over 2 
hours weekly (40 to 80 mg/kg) or biweekly to six adults (in two, DFO 
therapy was reduced and given with each dialysis) resulted in striking clin- 
ical improvement in five. Serial EEGs returned to normal in one, improved 
significantly in two, and remained unchanged in two despite clinical im- 
provement. 

Reversal of major neurologic deficits has also been described in children 
treated with DFO.}2! In one child, 6 weeks of DFO (40 mg/kg) instilled 
once weekly in the overnight 250-ml CAPD bag led to marked improve- 
ment in neurologic function and a concurrent decrease in serum Al.®! Ab- 
normal EEG tracings returned to normal. 

DFO therapy, however, can also worsen neurologic symptomatology. Its 
neurologic effects may be dose dependent.'”* Increased speech impair- 
ment and increased seizure activity can follow DFO infusion in children!!4 
and adults. In a 2.5-year-old child, staring spells were associated with in- 
traperitoneal DFO administration. A concomitant increase of plasma Al to 
1,959 pg/L occurred.'* In patients who develop worsening symptomatol- 
ogy after DFO administration, lowering the dose of DFO and more fre- 
quent monitoring of blood Al levels are indicated. The negative influence 
of DFO on neurologic function is attributed to its mobilizing of bone Al, 
increasing blood levels and exposing the CNS to additional Al. Plasma Al 
concentrations should be less than 1,000 wag/L during treatment with DFO 
to avoid CNS complications.”4 
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Although additional data are needed, infants with encephalopathy 
treated with DFO may experience less improvement in neurologic function 
than adults. Neurologic damage may be irreversible if it is sustained during 
infancy secondary to Al intoxication.!*° It is not known if DFO therapy 
actually lowers brain Al content. 





Aluminum Bone Disease 


The most complete data relative to Al toxicity are those defining the effect 
of Al on bone. ABD was first reported in 1969 as “‘fracturing osteomalacia’”’ 
in hemodialysis patients from Newcastle Upon Tyne, England.“* The re- 
ported incidence of ABD in the United States ranges from 3%—4% to 
30%-75% in patients with musculoskeletal symptoms.!2°"!2” The features 
of ABD include weakness, myopathy, bone pain, pathologic fractures, and 
unresponsiveness to vitamin D metabolites. The weakness predominately 
involves proximal muscles and the fractures often involve ribs and the 
small bones of the foot. 


Experimental Studies 


Experimental studies show a relationship between Al intake, Al deposition 
in bone, and impaired mineralization. With Al administration, histologic 
findings in bone—similar to those in dialyzed patients—can be produced 
in dogs” and rats!”° with and without reduced renal function. The effect 
is dose,’*? time,!°° and route dependent.’*! In normal rats given intraper- 
itoneal Al daily for 48 to 85 days, bone X-ray films and histologic exami- 
nation after 52 days was unremarkable despite a bone Al content similar 
to that found in hemodialyzed patients.'°° Weight gain was impaired after 
2 to 3 weeks and returned to normal when Al was discontinued. After 63 
days, evidence of osteomalacic bone disease was found and persisted after 
Al had been stopped for 49 days. When compared with normal rats, linear 
growth rates were diminished in the Al-treated rats. 

In normal and 5/6 nephrectomized rats given a combination of oral 1% 
to 2% AICl3 or 3.0 ml Al(OH); (150 mg/kg elemental Al) and intraperito- 
neal or subcutaneous injections of Al, all died within 3 to 8 days after 
developing periorbital bleeding, anorexia, and lethargy.’8? Postmortem 
studies showed conjunctival epithelial ulceration and an elevated Al con- 
tent in bone, liver, muscle, heart, and brain. In rats given intraperitoneal 
Al, Al content was highest in liver; in those receiving only oral Al, Al con- 
tent was highest in bone. In vitro oxygen consumption by the liver fell 
25%. 

Osteomalacia developed in normal rats given 1.0 mg of Al daily for 
periods as long as 120 days; osteomalacia did not develop in rats un- 
treated or given 0.1 mg/day.'”? The combination of chronic renal failure 
and Al toxicity was associated with more severe osteomalacia, and CRF 
alone did not lead to osteomalacia. Al toxicity resulted in marked prolon- 
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gation of the mineralization lag time and reduced bone formation. These 
data suggest that Al intoxication in growing animals results in reduced rates 
of linear growth. 

Reductions in bone formation rates may be a direct effect of Al. When 
compared with controls, thyroparathyroidectomy in rats followed by Al in- 
jections (2 mg/day) for 42 days was associated with greater impairment of 
osteoid production and similar bone formation rates.!22 Bone Al content 
was similar in Al-loaded controls and Al-loaded thyroparathyroidectomized 
rats. Thus, low PTH levels may contribute to the pathogenesis of aplastic 
bone disease, but reductions in bone formation rates in Al-loaded rats are 
not mediated by PTH. 

Al deposition in osteomalacic bone may be an epiphenomenon rather 
than the cause of impaired bone metabolism. In growing dogs made vita- 
min D deficient and given Al, mineralization subsequently occurred with 
vitamin D therapy.!°? Bone histologic patterns returned to normal and Al 
was demonstrated in the cement lines of healed dog bone indicating that 
mineralization occurred at sites of Al deposition. Furthermore, the multiple 
factors operating on bone during growth may continue to do so despite 
ABD. Suggestions for the failure to observe ABD in normal controls de- 
spite their accumulating Al in their bones compared with the other experi- 
mental group included the amount of Al given, the duration over which it 
was given, and the absence of concomitant renal disease. The differences 
between the osteomalacia of Al accumulation and vitamin D deficiency as 
well as other experimental studies continues to support a direct role for Al 
in causing bone disease. 

Al may interfere with calcium flux,'%* is found in mitochondria of os- 
teoblasts at the osteoid calcification junction,’®° and complexes with ci- 
trate.'5° Al can deposit in articular tissue,!°” inhibit the precipitation of cal- 
cium phosphate, 38 inhibit radiocalcium uptake in embryonic chick 
bone,!*? and inhibit formation of hydroxyapatite crystals. !4°14" In vitro col- 
lagen synthesis is impaired by osteoblasts exposed to high concentrations 
of Al. 

Studies of Al on isolated cultured osteoblastic and osteoclastic cells pre- 
pared from neonatal mouse calvaria reveal a biphasic effect. !4° Lower con- 
centrations of Al (<10~°M) stimulated collagen and DNA synthesis, orni- 
thine decarboxylase, and alkaline phosphatase in osteoblastic-like cells. 
Higher concentrations of Al (>10~°M) had an opposite effect. Al inhib- 
ited the stimulatory effect of PTH on cyclic adenosine monophosphate 
content and altered the 1,25(OH»2)D3 effects on ornithine decarboxyl- 
ase activity of the osteoblastic-like cells. These effects provide evidence 
that Al may influence bone remodeling by interfering with the normal 
actions of PTH and 1,25(OH2)D3 on bone cells. Insofar as the effects 
of 1,25(OH2)D3 on bone are similar to those in the intestine, the resis- 
tance to 1,25(OH2)D3 in Al-treated rats is at a site distant to its receptor 
site. 
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Aluminum Effects on Bone in Patients With Renal Failure 


Al affects bone mineralization in at least three ways. It alters mineralization 
at the osteoid calcification boundary; it alters osteoblast function; and it 
influences PTH secretion. 

A number of histomorphometric techniques are available to quantify 
features of normal and diseased bone.” Normal trabecular bone is 3% 
unmineralized and 97% mineralized. Osteoid matrix covers 25% of the 
bone surface and is lined by osteoblasts. Osteoclasts cover 4% of the tra- 
becular surface of bone. 

The types of renal osteodystrophy include pure osteomalacia, pure os- 
teitis fibrosa, mixed bone disease, and aplastic bone disease. 14 Aplastic 
bone disease is thought to be the purest form of ABD. The morphologic 
features of renal osteodystrophy are summarized in Table 8.!4° The histo- 
logic classification of ABD, however, remains controversial. Histologic cri- 
teria suggestive of pure ABD include an increased osteoid volume that is 
patchy in distribution, reduced numbers of osteoblasts and osteoclasts, 
minimal or absent fibrosis, and a reduced rate of mineralization measured 
by the double tetracycline labeling technique.'*’” Some believe that one 
criterion for diagnosing functional ABD should be a reduced bone forma- 
tion rate in addition to demonstrating Al accumulation. Additional criteria 
include the demonstration of Al at the osteoid mineralization boundary and 
Al in excess of 10 u.g/gm wet bone weight.!*8 The aluminon (aurine tricar- 
boxylic acid) stain is Al specific and gives a bright red color.4? Data defin- 
ing the relationship between the degree of Al staining and the measured 
Al content of bone have not always been consistent.1°® !°1 Iron accumu- 
lation has been described together with Al at the mineralization front.5? 
Some have suggested that lead, silicon, and sulfur may also accumulate. 
Proof of sulfur accumulation is lacking. 

In patients undergoing dialysis, aplastic bone disease may exist singly or 
in combination with other forms of renal osteodystrophy. Some have 
found no differences in bone Al content between patients with osteoma- 
lacia and osteitis fibrosa°?: others report that the bone Al content is in- 
creased in patients with osteomalacia.!°* In such patients, however, bone 
Al content is usually less than it is in patients with aplastic bone disease. !25 

The “gold” standard for diagnosing ABD is a bone biopsy. While a 
number of attempts have been made to diagnose ABD noninvasively by 
using the DFO infusion test, not all patients with biopsy-proven ABD ex- 
perience increased serum Al levels following DFO infusion. 15> 15° 

Correlations between histopathologic indices, bone Al content, and 
stainable bone Al were studied in 55 patients undergoing hemodialysis. !°! 
Bone Al content correlated with lamellar osteoid. Stainable Al correlated 
with bone formation rate, mineral apposition rate, and cellular measure- 
ments of bone formation and resorption. It was concluded that Al deposi- 
tion at the mineralization front results in other histologic findings and that 
Al in trabecular bone is of minimal significance. In patients undergoing 
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TABLE 8. 
Renal Osteodystrophy in Children* 
ee te, eet ee 


Normal Normal osteoid, no resorption, and normal 
mineralization 
Pure osteitis fibrosa Increased bone resorption (fibrotic surface [%] =1 


and/or osteoclast number [per sq mm] >2 SD 
above the mean) and increased mineralization 
(mineralization front [%] >2 SD above the 
mean) 

Pure osteomalacia Increased osteoid (osteoid volume [%] >2 SD 
above the mean), no resorption (osteoclast 
number and fibrotic surface normal), and 
decreased mineralization (mineralization front 
[%] >2 SD below the mean) 

Mixed bone disease Increased osteoid (osteoid volume [%] >2 SD 
above the mean and/or osteoid surface [%] >2 
SD above the mean) and increased resorption 
(fibrotic surface [%] =1 and/or osteoclast 
number [per sq mm] >2 SD below the mean) 

Aplastic bone disease Normal to decreased osteoid (osteoid volume [%] 
at or below the mean and/or osteoid surface [%] 
at or below the mean) with decreased 
osteoblastic osteoid (osteoblastic osteoid surface 
[%] >2 SD below the mean), no resorption, 
and decreased mineralization (mineralization 
front [%] >2 SD below the mean) 


*Adapted from Chesney RW, Mehls O, Anast CS, et al: Renal osteodystrophy in chil- 
dren: The role of vitamin D, phosphorus, and parathyroid hormone. Am J Kidney Dis 
1986; 7(4):275-284. 





dialysis, stainable Al rather than the quantity of Al in bone may be more 
reflective of the nature of the histopathologic changes in bones.!°° Even 
though mean serum Al levels were significantly higher in patients with (107 
».g/L) than without (31 \g/L) stainable bone Al, considerable overlap ex- 
isted. Repeat bone biopsy specimens, obtained 11 to 16 months apart, 
demonstrated a decrease in cancellous bone mass and osteoid-osteoblast 
interface and no change in osteoclast interface. These findings suggest that 
Al can cause osteopenia, a loss of bone mass. Al staining along cement 
lines surrounded by calcified bone suggest that healing of ABD does occur 
and that the negative effects of Al on bone mineralization can be over- 
come. 

In children, increases in bone Al content generally exist in conjunction 
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with high blood levels of Al.** * In one child with renal insufficiency be- 
gun at 5 months of age on a dose of elemental Al that varied from 31 to 
108 mg/kg/day, the serum Al concentration at 31 months of age was 334 
pg/L.’ Bone Al content was 156 mg/kg of dry bone campared with bone 
Al concentrations that were 3.0 and 5.5 mg/kg/of dry bone in two control 
children. Another 7.5-year-old child with Al encephalopathy had serum 
and bone Al concentrations of 220 g/L and 165 mg/kg, respectively.®” 
This child received Al(OH)3 5.0 ml three times a day for at least 4 years 
and possibly 5.5 years before the bone biopsy. Children with similar 
plasma Al levels can have also marked variation in bone Al content. Bone 
Al content was increased in a 6-month-old infant in the absence of any 
clinical or biochemical evidence (details not given) of ABD.“ 


Clinical Features 


ABD occurs in two distinct clinical settings.°! The first is the sporadic form 
of Al toxicity that usually occurs in patients taking ACPBs and develops in 
patients being dialyzed with appropriately treated water. Typical clinical 
characteristics include myopathy, multiple bone fractures, a tendency to 
hypercalcemia, elevated alkaline phosphatase levels, and iPTH levels 
lower than those usually seen in dialysis patients. The second form is that 
of epidemic Al toxicity and is associated with exposure to high dialysate Al 
concentrations. Clinical features include microcytic anemia, a high inci- 
dence of encephalopathy (41.0% vs. 6.0%), and ABD. Blood Al concen- 
trations are usually above 75 to 100 wg/L; serum levels are 50% higher in 
the epidemic compared to the sporadic form. Plasma Al concentrations in 
patients wtih microcytic anemia are apparently higher when patients ex- 
perience epidemic Al intoxication. ABD may also occur in otherwise 
asymptomatic patients on dialysis. !°” 

Serum Ca levels are usually normal or minimally elevated. '°® Hypercal- 
cemia may be spontaneous or associated with oral calcium supplements, 
transfer of calcium from dialysate to patient,!°? or the ingestion of vitamin 
D metabolites. Alkaline phosphatase concentrations in patients with ABD 
secondary to ACPB ingestion are usually elevated; values in those whose 
source of Al is dialysate tend to be normal. In one study, alkaline phos- 
phatase levels were similar in dialysis patients with ABD and osteitis fi- 
brosa.°! Serum phosphate levels are usually normal or high and iPTH 
activity normal to minimally elevated. ABD is often misdiagnosed as hy- 
perparathyroidism in patients with hypercalcemia and minimal and/or nor- 
mal iPTH levels. Serum levels of 25(OH)—vitamin D are normal and ex- 
clude classical nutritional vitamin D deficiency.1°° Serum levels of 
1,25(OH)2D3 are low as expected in patients with ESRD.!°! 

Radiologic features that, however, are not diagnostic of ABD include 
osteopenia and widening of the physes and fraying of the metaphyses of 
long bones in the absence of the typical subperiosteal erosions associated 
with hyperparathyroidism. Looser’s zones can be seen. Bone films in pa- 
tients with Al-related osteomalacia may be interpreted as consistent with 
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hyperparathyroidism because they display pseudosubperiosteal resorption. 
Resorption occurs in patients with Al toxicity when osteoblasts lay down 
excessive osteoid that fails to mineralize. The subperiosteal resorption per- 
sists when iPTH levels fall in patients with ABD.!© Bone scintiscans in 
patients with Al toxicity may reveal a reduced uptake of radiolabeled bi- 
phosphonate when compared with dialysis patients with osteitis fibrosa!®© 
and pseudofractures, which are not seen with conventional radio- 
graphs. ‘© 165 Data on bone scintiscans remain controversial. 

Healing of ABD in two children was associated with the radiographic 
finding of the development of a “‘bone within a bone” followed by calcifi- 
cation of the radiolucent area.!®© The recalcification picture began at the 
most recently formed osteoid areas with the epiphysis and metaphysis 
leaving a radiolucent area between previously and newly calcified bone. 
Craniosynostosis requiring craniectomy occurred in one child recovering 
from ABD. 

Al deposition at the calcification front between mineralized bone and 
osteoid was reported in a 1.5-year-old child with serum Al levels ranging 
from 174 to 208 pua/L.* In three infants, ages 4, 9, and 23 months with 
serum Al levels of 595.0, 344.5, and 385.5 ug/L secondary to Al(OH); 
ingestion, the characteristic histomorphometrical findings of ABD were 
found.® Bone Al occupied 2.95, 7.21, and 1.38 mm of Al per sq mm of 
tissue area. Two infants had pure low bone-turnover osteomalacia; the 
third had a combination of osteomalacia and mild hyperparathyroidism. 

In 14 children with osteitis fibrosa on CAPD, mean serum Al was 33 +/ 
— 18 pg/L, bone Al was 39 +/— 31 mg/kg (normal < 7.0 mg/kg), and 
iPTH was 454 +/— 520 wlEq/ml.!©” Bone formation rate and reabsorbing 
surface were increased and correlated positively with iPTH values. Bone 
Al was inversely correlated with iPTH values and osteoid volume, and 
bone Al measurements had no relationship to bone formation rates. It was 
concluded that either bone accumulation of Al modifies PTH secretion or 
that the PTH being secreted may modify Al deposition in bone in children 
with secondary hyperparathyroidism. Others, however, have reported that 
serum Al levels and PTH levels are not positively correlated in children 
with ABD.*° 

Since ABD is characterized by a reduced rate of formation of new bone, 
it should affect growing children by reducing the growth rate of bone to 
levels lower than that associated with CRF per se. Children with ABD gen- 
erally do have stunted growth patterns, but comparative growth data on 
children with and without ABD are not available. The impact of successful 
therapy of ABD on growth rates in affected children remains unknown. 


Aluminum Effects on Parathyroid Gland Function 


Al alters parathyroid gland function, and three mechanisms have been sug- 
gested as causes of PTH suppression in Al-intoxicated patients: direct 
suppression of PTH secretion by AL,‘®8 Al accumulation within the para- 
thyroid gland,’® and hypercalcemia. Bilateral nephrectomy may worsen 


306 / A.B. Gruskin 


ABD. The mechanism may be secondary to calcitonin-mediated suppres- 
sion of PTH secretion.!2> 17° 

Al accumulates at higher concentrations in the parathyroid gland than it 
does in muscle or the thyroid gland.!® Al inhibits the secretion of PTH 
from parathyroid slices’”’ or cells.1°° Al added to the bathing media of 
normal parathyroid glands decreases ionized Ca and adenylate cyclase 
activity’’” and it also interferes with the allosteric metal activating sites.'”° 
Inverse relationships between bone Al content and iPTH’® and parathy- 
roid gland weight’’* have been reported. Using isolated parathyroid gland 
cell preparations, studies of the effect of Al on PTH synthesis have re- 
vealed a dose-dependent effect of Al, both an Al-sensitive and Al-sensitive 
effect, and a persisting effect on changes in calcium concentration.!”° Al 
irreversibly destroyed some cells while other cells remained intact. 

PTH responsitivity to hypocalcemia is reduced in patients with ABD.1”° 
Part of the confusion relating to PTH function and Al can be explained by 
conclusions drawn when C-terminal PTH levels rather than N-terminal lev- 
els are measured. In one study, N-terminal concentrations were normal in 
patients with ABD and lower than normal in patients with osteitis fibrosa. 
C-terminal PTH levels were similar in both groups.!”” PTH serum concen- 
trations have been reported to be similar in asymptomatic and osteomala- 
cic patients on dialysis. The osteomalacic patients, however, differed in that 
they failed to elevate their PTH levels in response to a hypocalcemic chal- 
lenge and exhibited functional hypoparathyroidism.!”° That Al infusions 
raise total serum Ca levels, yet decrease ionized Ca, is not compatible with 
hypercalcemia being the mechanism by which Al suppresses PTH produc- 
tion. 

Parathyroidectomy can worsen ABD. Sequential bone biopsy specimens 
in parathyroidectomized dialysis patients have shown accumulation of Al 
and a decrease in bone formation rates.'’® 17° In the absence of stainable 
bone Al, an elevated bone Al content was reported in patients with pre~ 
dominantly hyperparathyroid bone disease.'5? ABD developed in patients 
in whom iPTH levels were lowered by treatment with 25(OH)3 or 
1,25(OH).D3.'2’ Also, parathyroidectomized patients with ABD do not re- 
spond to DFO therapy as well as those with intact parathyroid glands. !°° 


Indirect Testing for Aluminum Bone Disease 


Following a mean DFO infusion of 28.5 mg/kg to 33 adults, serum Al rose 
in 18 patients with stainable Al.’°! In 15 patients without stainable bone 
Al, serum Al increased markedly, mildly and not at all in some. Serum Al 
rose more than 20% in all with stainable Al and less than 20% in those 
without stainable Al. There was a 33% false positive response to DFO. 

In 102 patients, the criteria of a combination of a midrange iPTH value 
less than 200 ywEq/ml and a post DFO (40/mg/kg) infusion increase in 
serum Al of 200 ua/L provided a sensitivity of 79% and specificity of 73% 
for diagnosing ABD.*° Of interest was the lack of correlation between iPTH 
levels and stainable bone Al. The data demonstrated that plasma Al in- 
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creases of less than 200 mg/dl and greater than 500 g/dl correlated well 
with the absence or presence of ABD, respectively. Intermediate increases 
in plasma Al, however, require bone biopsies to document the presence 
or absence of ABD. 


DFO Therapy for Aluminum Bone Disease 


The effect of DFO therapy on ABD is variable. In patients undergoing 
hemodialysis, DFO treatment (28 mg/kg IV three times weekly for 10 
months) lowered serum Al levels while stainable bone Al increased. !8! His- 
tologic parameters of osteomalacia improved, while hyperparathyroidism 
became worse. An inverse correlation between stainable bone Al and C- 
terminal PTH was found. The quantity of Al removed by dialysis exceeded 
that accounted for by changes in bone Al content. Bone scans have been 
used to follow the progress of DFO therapy. 1°? 

The impact of DFO on bone histology was evaluated in 28 adults un- 
dergoing hemodialysis: improvement occurred in most. The weekly dose 
of DFO ranged from 2 to 6 gm and duration of therapy ranged from 6 to 
18 months; ACPBs were continued throughout therapy to maintain serum 
phosphate levels of 4.5 to 6.0 wa/dl. Marked declines in stainable bone 
surface area were positively correlated with increases in bone formation 
rate, bone apposition, and length of double tetracycline labeling.'®° Bone 
Al content did not decrease and in many cases actually increased, further 
supporting the concept that the location of Al determines its effect on bone 
metabolism. Interestingly, the primary type of bone disease changed in 
59% of these patients. Patients who had had parathyroidectomies and sim- 
ilar courses of DFO therapy did not respond as well. Even though stainable 
bone Al decreased, bone formation rates and osteoid volume remained 
unchanged. 

DFO therapy removes bone Al and improves bone histology in chil- 
dren.’*1 In a 7.5-year-old child, DFO added to CAPD exchanges (7.5 mg/ 
kg/exchange) for 3 months decreased stainable bone Al from 4.36 to 2.39 
mm/sq mm of bone; 85% of the stainable Al that originally was localized 
to the mineralization front was found in cement lines. Osteoid volume and 
surface area decreased while mineralization indices improved. In another 
child, 6 months of chelation therapy (DFO, initially 100 mg/L and then 75 
mg/L, added to 8 hourly exchanges of 250 ml for an unspecified time 
lasting between 13 and 31 months) significantly improved bone histomor- 
phometric indices.'*? Comparative studies obtained 6 months apart dem- 
onstrated that the osteoid area decreased from 83% to 8%; osteoid surface 
decreased from 53% to 23%; osteoid seam thickness decreased from 864 
to 38 um, staining converted from positive to negative; and the quantity 
of calcified bone increased. Serum Al decreased from 1030 to 26 po/L 
and bone Al decreased from 494 to 35 mg/kg dry weight. Although DFO 
improves ABD, criteria for its use are not uniform. Controlled prospective 
trials without DFO and/or treatment with calcium carbonate (CaCO3) are 
not yet available. 
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Effect of Renal Transplantation on Aluminum Bone Disease 


Bone Al content remains elevated after successful renal transplantation. In 
one study, bone Al content measurements obtained 4 to 60 months after 
transplantation did not differ significantly from values obtained in a group 
of patients undergoing chronic hemodialysis. !°° The bone Al content, how- 
ever, appeared to be less than expected considering the time patients had 
been on dialysis. 





Anemia 
Experimental Studies 


The anemia of Al intoxication can be produced experimentally. Uremic 
and normal rats given intraperitoneal Al for 3 weeks develop microcytosis 
followed by anemia.!®? The absence of an accompanying reticulocytosis 
suggests that Al affects bone erythroid precursors. The pattern of devel- 
opment of anemia with Al is similar to that seen in lead intoxication and 
iron deficiency. 

The precise mechanism leading to decreased heme synthesis remains 
unclear. Evidence has been presented that 5-aminolevulinic acid dehydra- 
tase activity (the second rate-limiting step in heme biosynthesis) is inhibited 
in vitro but activated in vivo.!®* Lower concentrations of Al may enhance 
this enzyme while higher concentrations inhibit it.1®° Interaction of Al with 
zinc may also play a role. In 38 patients on hemodialysis without enceph- 
alopathy, erythrocyte dihydropteridine reductase (DHPR) activity was in- 
versely related to serum Al concentrations (r = —0.61; P < CO0T). 
After a single dose of DFO, DHPR activity doubled. Another route by 
which Al may cause anemia is altered iron metabolism. Al is bound to at 
least one of the specific iron-binding sites of transferrin. !8 
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Clinical Features 


Al exposure in patients with ESRD leads to the development of a micro- 
cytic anemia. In adult patients, anemia is more likely when epidemic Al 
intoxication has occurred. Serum Al levels tend to be higher in anemic 
patients with advanced renal failure than in those without anemia. Serum 
Al concentrations averaged 454 g/L in three reports involving patients 
with microcytic anemia. *°1%° A decrease in hemoglobin concentration of- 
ten predates the onset of Al encephalopathy. 

In 39 adults in whom serum Al, red blood cell (RBC) Al, serum ferritin, 
and RBC indices were measured, a significant inverse relationship was 
found between serum Al and mean corpuscular volume (MCV) as well as 
between RBC Al and MCV.!*! No correlation existed between serum fer- 
ritin and RBC Al. After 6.5 months of weekly treatment with 2.0 gm of 
DFO, mean serum Al decreased from 419 to 209 ug/L; MCV increased 
from 68.7 to 85.7 cu ws, hemoglobin increased from 9.7 to 12.2 gm/dl; 
and Het rose from 30.0% to 38.2%. DFO treatment improved MCV both 
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with and without changes in RBC numbers; the improvement was inde- 
pendent of changes in serum ferritin. These findings support a direct role 
for Al as a cause of microcytosis. DFO therapy improved microcytosis 
while serum ferritin levels fell in patients on dialysis.'°? Because parallel 
falls in plasma Al and RBC Al did not occur, different tissues may release 
Al at different rates as the Al burden falls. 

Data on the relationship between Al and anemia in children are sparse. 
One study compared six children with serum Al levels exceeding 100 pa/ 
L to 25 children with lower Al levels. The mean hemoglobin level was not 
significantly lower (7.9 vs. 8.7 gm/dl) in those with higher Al levels.“* How- 
ever, a microcytic anemia was documented in four of six with higher Al 
levels and only in one of 25 (p <0.01) with lower Al levels. In 12 children 
with CRF, three of four children with the highest blood Al levels had re- 
duced RBC volumes.* 


Therapy 


DFO therapy in Al-intoxicated children has been associated with improved 
hemoglobin concentrations. In one child, 3 months of DEO increased 
MCV to 87 from 63 cu » and the hemoglobin level to 10.3 from 7.7 gm/ 
dl.1*1 In another Al-intoxicated child, DFO increased the hemoglobin level 
from 7.3 to 12.0 gm/dl and simultaneously normalized a mean corpuscular 
hemoglobin volume (MCHV) of 62 um? and a mean corpuscular hemo- 
globin concentration of 20 pg’? with lower Al levels. The mean hemoglo- 
bin level was not significantly lower (7.9 vs. 8.7 gm/dl) in those with higher 
Al levels.** However, a microcytic anemia was documented in four of six 
with higher Al levels and only in one of 25 (p < 0.01) with lower Al levels. 
In 12 children with CRF, three of four children with the highest blood Al 
levels had reduced RBC volumes.* 

Children with CRF may have elevated ferritin and iron loads secondary 
to repeated transfusions. When DFO therapy for Al intoxication is given, it 
may simultaneously lower iron stores as measured by decreases in serum 
ferritin to a level at which supplemental iron therapy is needed. Classical 
iron deficiency may develop. 


Involvement of Other Tissues in ESRD 


The incidence of sudden cardiac deaths has been reported to be higher 
than expected in patients exposed to Al.17° 

An increased incidence of caries has been reported in patients exposed 
to aA” Children with uremia tend to have a reduced incidence of car- 
ies. 


Management of Aluminum Overload in Patients With 
Renal Failure 


Management of patients with Al-related problems involves reductions in 
exposure to Al, and when indicated, therapy is directed toward increasing 
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Al removal. Removal of Al by either hemodialysis or peritoneal dialysis 
clearly improves ABD as well as anemia and encephalopathy in some pa- 
tients.1°°: °° These aspects of treatment have already been discussed. This 
segment focuses on two additional aspects of therapy (1) the effect of DFO 
on Al kinetics in adults and children undergoing dialysis and (2) ways to 
reduce exposure to Al. 


Aluminum Removal During Dialysis 


Al removal in patients undergoing dialysis is enhanced by administering 
DFO. Desferrioxamine B, a trihydroxamic acid, on contact with heavy met- 
als twines itself around metals to form a hexadentate complex. Al-DFO has 
a molecular weight of approximately 625 daltons. Compared to ferriox- 
amine, which has a stability constant (pf) of 10°, AI-DFO has a stability 
constant (pf) of 107.12? Usually DFO is administered intravenously during 
hemodialysis. If infused predialyzer, unbound DFO easily traverses the di- 
alysis membrane; when infused postdialyzer, unbound DFO becomes 
bound as it travels through the blood stream and does not appear in dialy- 
sate. Polyacrylonitryl hemodialysis membranes allow more AI-DFO to be 
removed than either cellulose or cupraphane.!”° Al clearances during he- 
modialysis are significantly enhanced by adding a microencapsulated car- 
bon cartridge in series distal to the dialyzer.'?’ It is not yet known whether 
Al-DFO is fecally excreted. 

The quantity of Al removed during a hemodialysis treatment is related 
to the predialysis serum Al concentration and to DFO given. Al removal 
during hemodialysis averages 100 wg/hr in the absence of chelation.!% 
Further increases without chelation are not possible because only 5% to 
20% of Al is ultrafilterable.'?? °° The usual dose of DFO in adults is 40 
to 80 mg/kg once a week. Lower doses of DFO (15 to 30 mg/kg) given 
during each dialysis have also been clinically effective.!!8 After DFO ad- 
ministration, rates of Al removal per hemodialysis can be increased to 20° 
mg. 

During the dialysis in which DFO is administered, serum Al levels rise 
considerably, tend to reach maximal levels at 24 hours after infusion, and 
remain at that level until another dialysis is performed.2°! Peak Al levels 
may progressively rise in some patients over many months before starting 
to fall. In a 10-month-old child, serum Al rose from 151 g/L to 800 pg/ 
L after 2 months of DFO therapy.*! The rise in serum Al concentration 
between dialyses—together with an absence of any Al intake—demon- 
strates that mobilization of Al from intracellular pools occurs with DEO 
therapy. In a single center study, intramuscular DFO was shown to be as 
efficacious as intravenous DFO in removing Al in hemodialysis patients.?°7 
The source of the Al was also shown to derive from tissues other than the 
RBC. 

DFO enhances Al removal during peritoneal dialysis.2°° The amount of 
Al removed by peritoneal dialysis in patients treated with intravenous or 
intraperitoneal DFO is similar.2°* DFO administration (40 mg/kg) increased 
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the dialysate to plasma ratio of Al from approximately 0.19 to 0.34. This 
resulted in a 700% increase in Al removal in the peritoneal effluent. Mean 
daily Al excretion increased from 218 to 1,521, 1,120, and 946 p.a/day 
during the 3 days, respectively, after giving DFO. The 48-hour accumula- 
tive excretion of Al (approximately 2.64 mg) was similar to that achieved 
during 4 hours of hemodialysis (2.93 mg).!” In comparing 2.0 gm of DFO 
given either intravenously or intraperitoneally to adults on CAPD, Al re- 
moval was similar (500 to 560 wg per 24 hours).202 

Al removal via dialysate in patients on CAPD reflects the clinical situa- 
tion. Mean negative Al balance in CAPD patients was 13.5 g/day in pa- 
tients not ingesting Al, 54.0 yg/day in those taking ACPB, and 147.3 wo/ 
day after transfer to peritoneal dialysis from hemodialysis.2° In 29 adults 
on CAPD, Al levels in serum and dialysate measured at 6-month intervals 
did not change significantly. The patients, however, received ACPBs, 
throughout the study.*” Initial mean serum and dialysate Al levels were 
47.3 and 14.4 ywa/L (dialysate to plasma ratio of 0.30), respectively. In a 
single patient on CAPD studied for 3 days after receiving intraperitoneal 
DFO in the overnight exchange at a dose of 500, 1,000, and 2,000 mg, 
the 24-hour removal of Al via dialysate was 440, 621, and 883 wg on 
each day, respectively.2° The effect of DFO on increasing Al removal per- 
sisted for at least 14 days. The physiologic explanation for the persistent 
effect on peritoneal membrane kinetics is not known. Dialysate glucose 
concentration (convective transport) has a negligible effect on Al mass 
transport across the peritoneum, averaging 27 and 20 wg per CAPD ex- 
change with 1.5% and 4.25% glucose-containing Dianeal solution, respec- 
tively.2°7 

Detailed information on Al removal by various dialysis modalities in chil- 
dren remains limited. In one child, DFO increased Al removal in peritoneal 
dialysis effluent from 90 to 360 yg per 8 hours and urinary excretion from 
50 to 145 wg per 8 hours.!*? In a 10-month-old given 40 mg/kg of DFO 
intraperitoneally once weekly for 3 weeks, Al removal during the 10 hours 
after DFO increased from 42 to 73 wg, 38 to 70 wg and 30 to 100 pg.*! 
The dialysate to plasma Al ratio increased from 0.1 to 0.8. This child had 
smaller amounts of dialysate drained the day following DFO administra- 
tion. However, further study is necessary before concluding that DFO al- 
ters transmembrane water movement. 

DFO also enhances Al removal in patients undergoing hemofiltration.2°8 
In ten children 4 to 15 years old with a mean serum Al level of 32 +/— 
12 pg/L undergoing hemofiltration, Al balance was negative in the six in 
whom plasma Al was greater than 25 uwa/L and positive in the four in 
whom plasma Al was less than 15 po/L.*”? The Al concentration of the 
substitution fluid was 4.3 +/— 1.1 wg/L, and Al removal ranged between 
10 and 65 wg per treatment. 

The use of DFO is not without risk. Side effects of DFO include anaphy- 
lactic reactions, posterior cataracts, abdominal pain, visual loss, and retinal 
changes similar to retinitis pigmentosa.”° Al-intoxicated patients may ex- 
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perience worsening of bone pain and CNS symptomatology, both of 
which are dose related. After receiving DFO, some patients developed se- 
vere infections, e.g., mucormycosis and infection with Yersinia enterocoli- 
ficae =: 

Indications for discontinuing DFO therapy in dialysis patients are impre- 
cise. The decision to discontinue DFO therapy is based on many factors: 
clinical response, changes in EEG, bone biopsy, serum Al levels, the de- 
velopment of infection, and changes in serum Al levels after a DFO chal- 
lenge test. Subsequent monitoring is always indicated. 


Reductions in Exposure to Aluminum 


Monitoring of Al in dialysate and water supplies is necessary to reduce 
exposure to aluminum. The Association for the Advancement of Medical 
Instrumentation recommends that the Al concentration in dialysate be kept 
below 10 ypo/L. Since reverse osmosis water purification systems reject 
only 80% to 85% of Al present in tap water, it may also be necessary to 
use a deionizer to further reduce Al content. Commercial peritoneal dialy- 
sate is now available with Al concentrations less than 10 to 15 pa/L.”}° It 
may be helpful to monitor the Al concentration of drinking water used by 
children. 

Essential to reducing exposure to ACPBs are reductions in dietary phos- 
phate intake and the use of alternative medications to control serum phos- 
phate concentrations. Attempts should be made to reduce phosphate in 
the diet to 500 to 1,000 mg/day in children and adolescents. Such diets, 
however, are quite unpalatable. Low-phosphate-containing formulas are 
often necessary in infants. 

The use of ACPBs should be limited and avoided if possible. CaCO; 
has been shown to reduce absorption of phosphate in patients undergoing 
dialysis.*** 715 In dogs, the addition of 1.5 gm/kg of CaCQO3 added to an 
oral phosphate load of 50 mg/kg reduces the increment of serum phos: 
phate from 4.0 to 1.9 mg/dl and reduces urinary phosphate excretion by 
50%.7?° In ten uremic children aged 0.5 to 10.5, discontinuation of ACPBs 
together with the administration of a mean dose of CaCO; of 5.7 gm/day 
(range, 2.5 to 12.8) for 8 to 18 months resulted in a mean serum Ca of 
10.2 +/— 0.6 mg/dl and serum phosphate of 5.2 +/— 0.7 mg/d].217; 218 
Plasma Al fell from 96 +/— 51 to 36 +/— waJ/L. Results remained similar 
when the number of children studied was extended to 15.2!9 There were 
eight instances of hypercalcemia (serum Ca, 11.0 to 11.5 mg/dl). CaCO3 
(mean dose of 97 + 46 [SD] maj/kg) in conjunction with a dietary intake 
of phosphorous to 600 mag/dg suppressed hyperparathyroidism in uremic 
children for up to five years.?“° Vitamin D metabolites were simultaneously 
given to maintain plasma Ca levels at the upper limit of normal. 

Guidelines for using CaCO3 follow. In a study of 19 children (age range, 
10 months to 17 years) ten were on dialysis. CaCO; therapy at doses 
ranging from 600 mg/day to 15 gm/day improved serum phosphate levels, 
and mean serum Al levels fell from 108.8 to 36.1 yg/L in the ten children 
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who had been on ACPBs. Hypercalcemia occurred in seven children and 
responded to either a reduction in vitamin D metabolites or CaCO3. Levels 
of serum alkaline phosphatase and iPTH did not change in those originally 
taking ACPBs and fell in those treated initially with CaCO3.771 The amount 
of phosphate ingested with each meal should be estimated by a nutritionist 
and the dose of CaCO; titrated accordingly; CaCO3 should be taken with 
meals. Ingestion of CaCO3; can lead to hypercalcemia, diarrhea, constipa- 
tion, and obstipation. When the Ca times phosphorus product exceeds 70, 
the patient’s serum phosphate levels should be lowered by a combination 
of a reduction in dietary phosphate and ACPBs if needed. After the cal- 
cium phosphate product normalizes, CaCO3 can be started at a dose of 
10 to 20 mg/kg/day and progressively increased to control serum phos- 
phate levels. Serum phosphate levels should be kept in age appropriate 
normal ranges to avoid hypophosphatemia. Effective doses of CaCO; 
used in children range from 0.1 to 0.3 gm/kg/day in three to four divided 
doses.” If the serum Ca increases to levels above 11.0 mg/dl, ACPBs 
may be transiently needed or the dose of CaCO; or vitamin D metabolite 
reduced. 

Attempts should be made to reduce exposure to other Al-containing 
drugs, to avoid intravenous additives containing Al, and to avoid infant 
formulas containing large quantities of Al. Sucralfate, because it contains 
Al, ought to be avoided in children with ESRD. A low phosphate contain- 
ing infant formula with a Ca to phosphorous ratio of 1.4 to 2.0:1 should 
be used.274 

In summary, it appears that the risk of significant Al intoxication can be 
reduced or eliminated by substituting CaCo3 for ACPBs. Insofar as possi- 
ble, it is recommended that infants and young children not be given 
ACPBs. 


a ae 


Aluminum in Diseases Other Than Renal 


Al is an environmental toxin. Abnormalities of Al metabolism occur in a 
number of nonrenal disorders. 


Aluminum Toxicity and Parenteral Nutrition 


Minimum ABD occurs in patients undergoing long-term total parenteral 
nutrition (TPN) with solutions containing Al-rich additives. Patients with 
gastrointestinal disease and relatively normal renal function developed 
bone fractures and pain after receiving TPN for 1 to 3 years du ing which 
time their clinical and nutritional status improved significantly.22* “2° The 
source of Al was the casein hydrolysate and the quantity of Al infused was 
computed to be 2,000 to 3,000 pa/day.”“° Determinations of plasma and 
urinary Al levels led to the conclusion that a significant positive balance of 
Al had occurred. Laboratory features included hypercalciuria, normal to 


314 / A.B. Gruskin 


slightly increased levels of both serum calcium and phosphorus, iPTH lev- 
els that were normal to undetectable, and reduced to undetectable levels 
of 1,25(OH),D3. Bone biopsy specimens revealed Al accumulation at the 
mineralization fronts, reduced numbers of osteoblasts and osteoclasts, and 
a reduced bone formation rate as measured by tetracycline labelling. Re- 
ductions in the Al content of the TPN solution led to a reduction in bone 
Al content and improvement in bone formation rate only after 2 to 3 
years.””’ These studies clearly establish that Al causes bone disease in the 
presence of normal renal function. Once large quantities of Al are depos- 
ited in bone, its removal takes a long time but demonstrates the reversibil- 
ity of ABD secondary to Al accumulation. 

In 18 premature infants less than 37 weeks of gestation, controls (eight 
term infants less than 1 month and 35 newborns, and five infants 1.5 to 9 
months of age), serum Al levels as well as urinary concentrations of Al and 
creatinine demonstrated that these infants had been exposed to significant 
amounts of Al.228 Plasma Al levels in controls were less than 10 po/L; 
urinary Al levels ranged from 7 to 70 wa/L and Al/Cr ratios ranged from 
0.1 to 0.28. Al levels in the control umbilical cord samples (4.5 +/— 3.7 
g/L) were similar to those obtained during the first month of life. The 
mean urinary Al/Cr ratio of 0.6 in the normal infants was higher than the 
expected adult ratio of 0.1. In four infants, urinary Al/Cr ratios remained 
elevated for 13 days after discontinuing intravenous (IV) therapy. In the 
five older infants studied after 2 weeks of IV therapy, the estimated Al 
retention ranged from 60% to 95% of that administered and the urinary 
Al/creatinine ratio was increased. ; 

Samples for measuring Al were obtained 3 weeks apart in the premature 
infants. Both plasma Al levels (36.78 +/— 45.3 wa/L) and urinary Al/Cr 
ratios (5.4 +/— 4.6) were significantly increased above controls. Two of 
the premature infants had plasma Al levels greater than 100 wa/L. Such 
levels are associated with toxicity. In 13 of the premature infants, mean 
plasma Al levels fell from 36.2 to 8.1 pg/L after they were changed to 
formula feedings. 

In the same study, bone Al content was determined after death in 23 
infants; 17 had not received prolonged IV therapy and 6 received at least 
3 weeks of parenteral nutrition. Bone Al content in untreated versus 
treated infants was 1.98 +/— 1.44 yao/L and 20.16 po/L +/- 13.4 mg/ 
kg, respectively. Noteworthy was the single observation that bone Al con- 
tent was still 300% increased after stopping parenteral therapy for 2 
months. 

Two groups of ten neonates aged 29 to 41 weeks received solutions 
containing Al at a mean concentration of either 306 or 144 wa/L for 5 to 
175 days.*”? Serum Al levels were similar in both groups (51 ya/L). Mean 
urinary Al/Cr ratios increased threefold and were higher in those receiving 
more Al. Urinary Al/Cr ratios were unrelated to age. It was estimated that 
only 40% of the infused Al was excreted. In postmortem studies of two 
infants, their vertebrae stained positive for Al at thé mineralization front. 
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These two studies demonstrate that sick neonates are often exposed to 
significant amounts of Al. Because infants are not able to excrete the quan- 
tities of Al to which they are exposed, they develop an increased body 
burden of Al as reflected by increased serum Al levels and bone Al con- 
tent. The increased bone Al content and possibly other tissue stores of Al 
may persist for a prolonged time. Al exposure in neonates may be re- 
flected by an increased urinary Al/Cr ratio while plasma Al levels are in the 
normal range. The precise role which Al may play in bone and CNS dis- 
ease in exposed infants requires additional study. 

The quantity of Al in many infant formulas suggests that infants on a per 
weight basis may ingest five times as much Al as that ingested by infants 
fed low Al-containing formulas. The urinary Al/Cr ratio data suggest that 
infants being fed high Al-containing formula may be absorbing relatively 
more Al than adults. Based on normal infants having plasma and bone Al 
levels similar to that in adults, it appears that normal infants are able to 
handle such a load. Conversely, continued exposure to such formulas may 
lead to Al toxicity. Although other explanations are possible, it is worth 
noting that soy formulas are associated with an increased incidence of de- 
creased bone mineralization.7° In a set of 32-week-old twins fed both 
TPN and Al-containing formula, serum and tissue levels of Al in liver, lung 
bone, and brain were considerably increased compared with controls.” i 
One of the twins had a hypoplastic kidney and a lower GFR. Serum Al 
levels and urinary Al/Cr ratios were similar in both twins; however, the 
twin with the hypoplastic kidney had higher tissue levels of Al in three of 
the four organs examined (less Al in brain). 

Al may cause hepatic toxicity. In five children 18 to 34 months of age 
who received TPN for 18 to 33 months with Al-containing additives, he- 
patic toxicity developed.**? Laboratory abnormalities included elevations 
in total bilirubin, alkaline phosphatase, and serum glutamic oxaloacetic and 
pyruvic transaminase. Liver biopsy specimens demonstrated bile duct pro- 
liferation, brown pigment within hepatocytes, periportal fibrosis, cellular 
necrosis, and nodular regeneration. Al content in liver tissue was increased 
4 to 28 times above control values. Microprobe studies revealed Al in the 
granules. Rats given an acute Al load of 15/mg/kg/day intraperitoneally 
develop Al-containing cytoplasmic inclusions.”3° Similar lesions, however, 
occur in patients who receive TPN solutions containing much lower quan- 
tities of Al. One patient with Al associated dialysis encephalopathy was 
reported to have inclusions and vacuoles in hepatocytes, periportal fibrosis 
and mononuclear infiltration. 





Aluminum and Primary Neurologic Disorders 


Some patients with Alzheimer’s disease have been shown to have elevated 
brain Al levels in both biopsy and postmortem tissue. Brain Al content 
ranged from 0.40 to 107 mg/kg. Most values are less than those found in 
patients with ESKD-related encephalopathy. In contrast to renal-related 
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encephalopathy, patients with Alzheimer’s disease have neurofibrillary tan- 
gles.“°* 28° The distribution of Al in Alzheimer’s disease is patchy. Higher 
Al levels are found in regions containing tangles and senile amyloid 
plaques.*°° Treatment with DFO increases urinary Al excretion and may 
lower brain Al in patients with Alzheimer’s disease. The role of DFO in 
altering neurologic dysfunction is currently being critically evaluated. 
Atomic absorption studies and electron probe analysis of brain tissue in 
patients with Down’s syndrome with Alzheimer’s disease reveal Al in neu- 
rons with tangles.*%° Patients from Guam experience amyotrophic lateral 
sclerosis and Parkinson-related dementia at rates 30 to 60 times higher 
than most other areas of the world. An increased Al content was found in 
these patients in neurons with tangles obtained from the spinal cord.?2” 





Aluminum and Other Disorders 


Brain Al content is elevated in individuals over 70 years of age as well as 
in patients with metastatic cancer and hepatic coma. Al levels in elderly 
people are less than 50% of values found in patients with dialysis demen- 
tia.*°° Individuals with normal renal function exposed to ACPBs for a long 
time may accumulate Al in their bones.'* Plasma and urinary Al levels are 
increased in workers exposed to Al.*°? Industrial exposure to Al may be a 
risk factor for cancer.*4° Al together with iron has been found in macro- 
phages in otherwise normal individuals who smoke.7*! 

Al exposure may lead to skin telangiectases of the essential type.274? 248 
In an epidemiologic study of 588 workers in an aluminum plant, 40% had 
telangiectases on their shoulders, upper chest, and back. A positive corre- 
lation between the duration of exposure and the occurrence of lesions was 
found. The association existed only for those working in the electrolysis 
division of the plant. It is possible that the skin lesions were secondary to 
being exposed to one or more additional toxins; however, the report of 
similar lesions in people working in another Al electrolysis plant in another 
country is suggestive that the lesions related to Al exposure. Pulmonary 
lesions, diffuse fibrosis, and foreign body granulomas are described in in- 
dividuals exposed in various ways to aluminum dust.2“4 Animal studies 
confirm that inhalation?*° or intratracheal injection®® of Al produces lung 
disease. The produced lung disease differs somewhat between species. 

Al was demonstrated in subcutaneous nodules and granulomas devel- 
oping after DPT immunization.7*” 7° Three injections of DPT contain 0.75 
to 2.50 mg of Al. The usual three doses of hepatitis B vaccine contains 1.5 
mg of Al.**? Federal regulations permit 0.85 to 1.25 mg of Al salts to be 
used per 0.50 ml of adjuvant and absorbent. 

Some lots of plasma concentrates used to treat hemophilia contain sig- 
nificant amounts of Al. Al concentrations exceeding 230 g/L were found 
in some batches of factor VIII, factor IX, and intravenous y-globulin.2°° 
Patients treated with factor concentrates might receive a yearly Al dose 
exceeding 1 mg/kg while those given IV y-globulin at a dose of 6 gm/kg 


4 
Aluminum: A Pediatric Overview / 317 


might receive 27 g/kg of Al. Two patients given factor concentrates had 
serum Al concentrations of 19 and 10 ug/L, respectively (normal values < 
4.0 pa/L). 

Decreased visual-motor performance has been attributed to an in- 
creased exposure to Al and Al in combination with lead.2°! In a study of 
69 children in whom the heavy-metal burden was determined by analysis 
of hair samples, an association between exposure to a number of heavy 
metals, particularly Al, and an abnormal Bender Visual-Motor Gestalt Test 
was reported. Others question the validity of using hair samples to ascer- 
tain heavy metal burden. In one study, scalp hair was collected from a 
single individual and cleansed four ways prior to measuring hair Al con- 
centrations. Each way resulted in a different Al concentration.2°2 
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Conclusion 


Overwhelming data support the conclusion that the aforementioned clini- 
cal findings are due to Al toxicity. The data reviewed relative to Al and 
renal failure virtually fulfill Koch’s postulates for a toxin. Abnormal concen- 
trations of Al are found in affected organs. A reproducible pattern of clini- 
cal abnormalities can be correlated with these deposits and reproduced in 
experimental settings both in vitro and in vivo. Removal of Al results in 
clinical and histologic improvement and, the reintroduction of Al can 
worsen clinical symptomatology. Other studies have identified Al as per- 
haps playing a role in a number of nonrenal disorders. These studies 
clearly establish Al as another heavy metal intoxicant capable of producing 
disease in a continuously increasing number of clinical circumstances. 
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Evidence that iron deficiency has important behavioral effects has steadily 
accumulated in the past decade. The resulting picture of behavioral alter- 
ations due to iron deficiency reflects the convergence of two independent 
but complementary investigational approaches: studies of central nervous 
system biochemical changes, primarily in the laboratory animal, and stud- 
ies of behavior before and after iron treatment, primarily in the young 
human. The several studies have yielded a set of findings that has been 
reproducible in broad general outline. However, many specific results still 
await replication, and the research is largely at the stage of generating, 
rather than testing, hypotheses about underlying mechanisms. This is a 
dynamic area, and substantial clarification may be forthcoming in the next 
decade. To underscore both the findings about which there is a growing 
consensus and the issues requiring further study, biochemical work related 
to behavior is summarized and recent studies directly assessing human be- 
havior are then considered, describing in most detail those involving chil- 
dren. 
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Biochemical Bases for Altered Behavior 


Iron is present in tissue both in compounds known to have metabolic or 
enzymatic function and in compounds related to iron transport and stor- 
age.'? Examples of metabolically active compounds include the heme 
proteins, all of which have a role in oxidative metabolism (hemoglobin, 
myoglobin, mitochondrial cytochromes, and heme-containing enzymes), 
and some nonheme iron compounds, such as flavoproteins and sulfur- 
containing proteins. The primary compounds involved in storing iron are 
ferritin and hemosiderin, and transferrin is the major vehicle for transport- 
ing iron. In addition to these iron-containing compounds are compounds 
that do not contain iron but require iron or heme as cofactors. That this 
*This work was supported by grants from the US Public Health Services, a research grant 
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latter group of compounds contains enzymes important in the metabolism 
of the biogenic amines has led to a number of biochemical studies of the 
effects of iron deficiency. 


Iron Deficiency and Biogenic Amines in the Central 
Nervous System 


Nonheme iron is unevenly distributed in the human brain. It is highly lo- 
calized in extrapyramidal regions (globus pallidus, substantia nigra, puta- 
men, red nucleus, thalamus, and caudate nucleus), with concentrations in 
certain areas exceeding that in the liver.? Much of the biochemical work 
has been in the rat; distribution of brain iron in the rat is similar to that in 
the human.* Most of the available iron in the brain seems to be in the 
ferric form. Light-microscopic studies of the globus pallidus and substantia 
nigra indicate that iron is deposited in fine granular structures in neutro- 
phils, oligodendrocytes, and nerve cells.° In the rat brain, synaptosomal 
and myelin fractions contain the highest levels of iron.® 

Brain iron accumulates from birth to early adulthood. Perhaps for this 
reason, brain iron levels are more seriously affected by iron deficiency in 
the very young animal than in the adult. For example, it has been found 
that a brief period of severe iron deficiency in the young rat, but not in the 
adult, resulted in a deficit of brain iron that was not corrected by iron 
therapy, even though all signs of systemic iron deficiency were re- 
versed, 7-1 The failure to reverse iron depletion in the brain with iron treat- 
ment seems to be due to a slow rate of replacement of brain iron com- 
pounds. 

Recent research on the effects of iron deficiency on central biogenic 
amines has identified iron-related alterations with increasing specificity. 
Iron deficiency alters neurotransmission involving dopamine.° The large 
corpus of research on dopamine and its behavioral effects thus becomes 
directly relevant to research on iron deficiency. 3 

Dopamine is the major neurotransmitter of the extrapyramidal system of 
the brain. Pharmacologic agents are known to alter dopaminergic trans- 
mission in a variety of ways. These agents may prevent amine storage in 
the synaptic vesicles, provide precursors to replenish amine stores, inhibit 
amine synthesis by blocking enzymes, have specific amine neurotoxic ef- 
fects, antagonistically block receptors, or agonistically activate receptors. 
These pharmacologically induced changes in dopamingergic activity also 
have behavioral concomitants. The results of numerous studies of behav- 
ioral changes when the dopamine system is altered “suggest that forebrain 
pathways containing the neurotransmitter dopamine are crucial elements 
in the neural substrate which allows an animal to emit appropriate re- 
sponses to meaningful stimuli.” ?? Spontaneous motor behavior of the rat 
in a novel environment is dependent on the dopaminergic system, and 
forebrain dopamine pathways are essential for the initiation of normal se- 
quences of unconditioned behavior, such as spontaneous locomotor activ- 
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ity, feeding, and drinking. Learned motor behaviors are also affected, and 
some aspects of cognitive function may be impaired. !*: 

Research linking iron deficiency and dopaminergic function has come 
primarily from animal experiments in the laboratory of Youdim and asso- 
ciates.° This research was stimulated by studies that implicated iron as a 
cofactor for tryptophan hydroxylase and tyrosine hydroxylase, the rate- 
limiting enzymes in the biosynthesis of serotonin and the catecholamines 
(dopamine, epinephrine, and norepinephrine), respectively,’ * and by ob- 
servations of lowered activity of monoamine oxidase, including changes in 
platelets of iron deficient subjects. 1” Although initial expectations were that 
monoamine neurotransmitter levels would be altered due to iron’s role in 
these enzymes, such changes have not been consistently observed in the 
brain. Mackler et al.1® did note some changes in aldehyde oxidase and 
serotonin levels, but Youdim and associates™ 1° found no effects of iron 
deficiency on the activities of such key enzymes in the central nervous 
system as monoamine oxidase, tyrosine or tryptophan hydroxylase, succi- 
nate dehydrogenase, and aldehyde oxidase or on either the levels or turn- 
over rates of norepinephrine, dopamine, and serotonin, even when brain 
nonheme iron content was lowered by 40%. 

Despite finding these biochemical parameters unchanged in iron-defi- 
cient rats, Youdim and associates!® '? observed differences in behavior 
similar to those found when serotinin or dopamine levels are altered. In- 
creased motor activity and stereotypic movements (head movements, cir- 
cling, and biting) are well-characterized behavioral syndromes induced by 
pharmacologically increasing brain synthesis of serotonin and dopamine, 
by using serotonin or dopamine agonists, or by administering a dopamine- 
releasing drug. Iron-deficient rats showed significant reductions in these 
syndromes, and their behavior rapidly returned to normal after iron sup- 
plementation.*° '? The iron-deficient animal seemed to resemble one 
treated with drugs that diminish dopaminergic activity—dopamine recep- 
tor-blocking agents or neuroleptics, such as haloperidol and fluphenazine. 
Specifically, iron-deficient rats, like those treated with neuroleptics, showed 
reduced motor activity after receiving the centrally acting drugs apomor- 
phine and d-amphetamine, 121 inhibition of d-amphetamine-induced 
hypothermia,’® *? an increase in sleeping time when given barbiturates,”! 
and increases in both the prolactin-binding sites in the liver and the prolac- 
tin level in the serum.2” 7° The changes in prolactin provide evidence that 
diminished dopaminergic activity is observed in the pituitary, as well as in 
the extrapyramidal system.° 

Taking advantage of the variety of drugs that are known to increase or 
block dopamine activity, Youdim and colleagues attempted, in a con- 
nected series of experiments, to narrow the possible points at which iron 
deficiency has its effect. It seems that iron deficiency alters the function of 

ae , : 5, 10, 19-21, 24 
a specific postsynaptic dopamine receptor. Because the levels 
of the neurotransmitters and the enzymes involved in their metabolism 
were basically unaffected by iron deficiency, it was suggested that altered 
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postsynaptic response to the released neurotransmitters provided the ex- 
planation for the alteration in behavioral responses after pharmacologic 
manipulations. The two types of postsynaptic dopamine receptors, D; and 
Dz, were then studied. Dopamine-sensitive adenylate cyclase activity in the 
rat caudate nucleus, part of the presumed D, receptor, did not differ be- 
tween iron-deficient and control rats. In contrast, the number of Do recep- 
tors, the binding sites identified by using the radioligand *H-spiroperidol, 
was significantly reduced. These results suggest that iron is either directly 
involved in the biochemical and functional aspects of Do receptors or in- 
directly involved via other chemical processes that serve to maintain the 
proper functioning or synthesis of these receptors. That such changes are 
absent in rats with a severe induced hemolytic anemia has been inter- 
preted to mean that the behavioral alterations are due to iron deficiency 
rather than the associated anemia.*” 74 Experiments using transfusion to 
correct the anemia induced by iron deficiency but not the iron deficiency 
itself might be helpful in understanding the pathophysiologic changes un- 
derlying the observed behavioral alterations. 

Even though the exact mechanism by which nutritional iron maintains 
D2 receptor function is not yet understood, it connects research on iron 
deficiency to that on changes in the dopaminergic system in a variety of 
other conditions. 

Dopamine may not be the only central nervous system biogenic amine 
affected by iron deficiency. Although altered dopaminergic transmission 
may ultimately provide the explanation,”° behavioral alterations have been 
observed in the iron-deficient laboratory animal, which are not completely 
understood biochemically. For instance, there may be changes in several 
circadian rhythms in the iron-deficient animal. Some have observed a re- 
versal in the spontaneous day/night patterns of activity, eating, and drink- 
ing in the iron-deficient rat, with more activity in the daytime instead of the 
normal nocturnal increase*!*°. however, others have found the normal 
circadian pattern of nocturnal activity.2”-?? Another example is the finding 
of elevated pain threshold and reversal of normal circadian changes in pain 
threshold following administration of B-endorphin, morphine, or haloperi- 
dol to iron-deficient rats.°° Furthermore, biochemical changes that might 
explain the differences in learning in iron-deficient rats® 3! have yet to 
be established. Even though dopamine seems to play a role in cognitive 
function’> 1° and dopaminergic transmission is affected by iron deficiency, 
the complexity of mechanisms underlying altered learning is suggested by 
the observations of Ruiz et al.°” that early iron deficiency impairs the re- 
sponsiveness of the parietal association area of the cerebral cortex. 

Alterations related to serotonin, a neurotransmitter whose function is less 
well understood than that of dopamine, have also been reported: uptake 
of serotonin by synaptic vesicles was lower in the brains of iron deficient 
rats than controls.*? Because the dopaminergic system is involved in the 
production of serotonin-induced behaviors, 2? changes in dopamine activity 
may also affect serotonin. Nevertheless, further studies may indicate that 
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behavioral changes in the iron-deficient animal relate to serotonin receptor 
function as well as dopamine receptor function. In addition, iron seems to 
play a role in the utilization of y-aminobutyric acid (GABA),*° #1 a neuro- 
transmitter, and the distribution of iron overlaps with encephalin and lu- 
teinizing hormone-releasing hormone as well as that of GABA.‘ Research 
on neurotransmitters is unfolding; the next decade may bring evidence of 
still other changes induced by iron deficiency or iron excess and lead to 
further clarification of iron’s role in the central nervous system. 

Altered behavior in iron deficiency may be due to changes in the pe- 
riphery as well as in the central nervous system. Recent comprehensive 
reviews of the systemic biochemical changes* and changes in activity* * 
induced by iron deficiency are available. Skeletal muscle is severely af- 
fected by iron deficiency. Myoglobin, which serves as oxygen transport 
and storage function in muscle, is decreased, and the iron-containing elec- 
tron transport enzymes of the mitochondria are depleted. These changes 
seem functionally important: impairments in the capacity of the iron-defi- 
cient animal or human for sustained exercise have been consistently ob- 
served.**°4 Since changes in muscle function have been produced in iso- 
lated and perfused rat limb muscles,°° a peripheral effect is involved. Yet 
the changes in dopaminergic neurotransmission produced by iron defi- 
ciency are also associated with alterations in movement. The relative im- 
portance of central and peripheral mechanisms in accounting for dimin- 
ished work capacity and altered activity patterns has still to be determined. 
This illustration may serve as a reminder that a narrow focus on central 
nervous system biochemistry may prematurely limit understanding of the 
mechanisms producing behavioral changes in iron deficiency. 
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Recent Human Studies of Iron Deficiency and Behavior 


Demonstrating an effect of iron deficiency anemia on human behavior has 
presented substantial methodologic challenges. To provide convincing 
proof of such an effect, a study should document clinically important be- 
havioral differences between iron-deficient anemic subjects and nonanemic 
controls and demonstrate an improvement in behavior after iron therapy. 
The subjects should be similar in all respects except their iron status, and 
the treatment component should consist of a double-blind randomized trial 
of iron therapy with appropriate placebo controls that do not unduly delay 
specific therapy. Replication of results is essential. If the research addresses 
the related question of behavioral effects of iron deficiency that are inde- 
pendent of anemia, an additional set of methodologic considerations ap- 
ply, such as the definition of iron status in nonanemic subjects and the 
timing of posttreatment assessments to precede any substantial increase in 
hemoglobin concentration. 

Despite major methodologic strengths, many studies have been limited 
either by inadequate characterization of subjects’ iron status, the lack of 
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appropriate normal controls, the omission of a placebo-treated group, or 
the failure to demonstrate changes in behavior following iron therapy. A 
number of studies in the last few years have yielded results that are similar 
enough to help offset methodologic shortcomings in any given study and 
to support some tentative conclusions about behavioral aspects of iron de- 
ficiency. 





Characterization of Iron Status Among Humans 


In animal studies there has been certainty about the animals’ iron status. 
Iron deficiency can be experimentally induced by feeding the animals iron- 
deficient diets, and iron deficiency can be confirmed by tissue iron mea- 
surements as well as changes in the blood. These techniques are generally 
not possible with humans. Therefore, investigators use other methods of 
determining the iron status of human subjects. Since no single laboratory 
measure adequately characterizes an individual’s iron status, most recent 
behavioral research reports have used multiple measures. The terms “‘iron 
replete” or “iron sufficient’? have been used to denote a normal total body 
iron content. 

Reductions in total body iron have been grouped into three stages of 
progressively increasing severity, based on current understanding of iron 
metabolism and defined by appropriate laboratory criteria.1 Serum ferritin 
concentration, transferrin saturation, free erythrocyte protoporphyrin, and 
mean corpuscular volume are the tests most widely used in addition to 
hemoglobin or hematocrit. The term “iron depletion” has been used to 
designate a decrease in body storage iron without any effect on hemoglo- 
bin iron or iron in other functional iron compounds. This stage of iron 
deficiency is usually reflected by a decrease in the serum ferritin concentra- 
tion without changes in other measures of iron status. The terms ‘‘ron- 
restricted erythropoiesis” or “iron deficiency without anemia” are used to 
describe an additional decrease in the iron supply such that heme produc- 
tion is limited, even though the resulting depression in the hemoglobin 
concentration or hematocrit is too slight to be detected using reference 
limits derived from population studies. In addition to a low serum ferritin, 
transport iron is decreased with a reduction in the serum transferrin satu- 
ration. Because insufficient iron is available to combine with protopor- 
phyrin to form heme, protoporphyrin accumulates in the red blood cells 
and the free erythrocyte protoporphyrin increases. “Iron deficiency ane- 
mia” designates the anemia resulting from a further diminution in total 
body iron. The hemoglobin concentration is below reference limits, the 
serum ferritin and transferrin saturation decreased, and the free erythrocyte 
protoporphyrin elevated. The mean corpuscular volume decreases at 
about the same time the anemia becomes manifest. 

Although a variety of confounding factors may distort this idealized pat- 
tern of changes in laboratory test results,°° the use of multiple iron mea- 
sures in recent behavioral studies represents an advance over earlier work. 
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Unless specifically indicated, the studies reviewed used at least three mea- 
sures of iron status in addition to hemoglobin or hematocrit. A few studies 
have also included hematologic response to iron therapy as a criterion for 
defining iron deficiency. Because such a response is the most definitive of 
available standards, these studies will be identified. 


cr 


Studies of Infants 


Iron deficiency is most prevalent in the 6- to 24-month-old period, which 
coincides with the latter part of the brain growth spurt and with the unfold- 
ing of fundamental mental and motor processes. Infancy is an especially 
important age, therefore, in which to study behavioral effects of iron defi- 
ciency. In view of the potential clinical significance, 12 recent studies have 
focused on the behavior and development of iron-deficient infants. The 
major outcome measure in 10 of the 12 studies has been performance on 
the Bayley Scales of Infant Development,°’ a standardized test of infant 
development with three components: Mental Scale, Motor Scale, and In- 
fant Behavior Record. In addition, a few projects have assessed infant be- 
havior on other cognitive tests or outside the test situation. A strength of 
most of these studies is their inclusion of a therapeutic trial of iron, since 
improvement with iron treatment provides the most convincing evidence 
that the behavioral changes observed among iron-deficient infants are due 
to iron deficiency rather than to lack of another nutrient or to an interven- 
ing factor, such as disadvantaged home environment or limited parental 
intelligence. Taken as a group, these studies have been designed not only 
to establish whether behavioral alterations are present among iron-defi- 
cient infants, but also to address three further questions, to be considered 
in turn: (1) Does iron therapy produce rapid changes in behavior? (2) 
What is the degree of iron deficiency at which infant behavior is altered? 
(3) Does iron therapy completely correct these behavioral alterations? 

In cases in which a given study addresses several of these questions, 
rather than presenting each study in its entirety, those components rele- 
vant to a particular question will be reviewed. This approach was also 
taken in another recent review to facilitate comparisons between studies,°® 
but other sources consider each study separately.** 5? © 


Rapid Change in Behavior With Iron Therapy 


Until the last 2 or 3 years, most studies examining the behavioral effects 
of iron deficiency were designed to detect changes in developmental test 
performance within 5 to 11 days of starting iron therapy. This emphasis 
on short-term treatment effects was guided by two considerations: (1) cli- 
nicians, in describing iron deficient anemic babies as irritable, apathetic, 
and distractible, have commented that these characteristics seem to disap- 
pear within a few days of iron treatment*’ and (2) early retesting might 
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allow any behavioral changes to be attributed to brain rather than blood, 
i.e., to altered central nervous system function rather than to the correction 
of anemia. 

In Oski and Honig’s pilot study, published in 1978,°! © 24 9- to 26- 
month-old iron-deficient anemic infants were randomly assigned to an in- 
tramuscular iron or placebo (saline injection) treatment group. A non- 
anemic control group was not included. One week after treatment, the 
Bayley mental test scores of anemic infants receiving intramuscular iron 
showed a significant mean increase of 14 points, while placebo-treated 
anemic infants had a nonsignificant mean increase of 6 points. These re- 
sults were interpreted to ‘“‘support the hypothesis that iron deficiency in 
infants produces developmental alterations and that these changes are rap- 
idly reversible with iron therapy.”’°! However, the findings were equivocal. 
As Oski and Honig point out, the test-retest difference in mental test scores 
between the iron- and placebo-treated groups (14 vs. 6 points) was not 
statistically significant. Thus, although the increase in the iron-treated 
group’s test scores was significant, the study did not demonstrate a clear 
effect of iron treatment over and above the effect of repeating the same 
test within a short period of time. Nonetheless, these results were intriguing 
and stimulated a number of related investigations. 

In a study of 6- to 24-month-old Guatemalan infants, Lozoff et al. 
compared 28 infants with iron deficiency anemia with a nonanemic group 
of 40 infants and assessed the effects of oral iron, the therapy of choice, 
and of placebo treatment. No changes due to short-term oral iron treat- 
ment were noted. Iron-treated anemic infants did not show significantly 
greater increases in their Bayley mental test scores (+7 points) than either 
placebo-treated anemic babies (+6 points) or infants in the two non- 
anemic groups (iron treated, +6 points; placebo treated, +5 points). The 
motor test performances of iron-treated anemic infants also did not im- 
prove more than that of infants in the other groups. ; 

Subsequently, both Walter et al. using oral iron, and Oski et al.,°° in 
a second study using parenteral iron, found short-term improvements 
among iron-deficient infants. However, neither study included placebo- 
treated control groups. The project by Walter et al.® in Chile involved 37 
15-month-old infants. Ten iron-deficient anemic infants showed a signifi- 
cant increase of 10 points in Bayley mental test scores after 11 days of 
oral iron therapy, compared with a decrease of 1 point in the 12 iron- 
replete control infants. The scores of six iron-deficient infants whose he- 
moglobin levels were 11 gm/dl or higher also increased by 10 points, while 
those of nine iron-depleted infants increased by only 2 points. The second 
study by Oski and colleagues, involving infants with normal hemoglobin 
levels (>11 gm/dl), demonstrated a dramatic increase in the mental scores 
of the 18 nonanemic iron-deficient infants one week after intramuscular 
iron. The 22-point increase in their mean scores was unambiguously 
greater than the 6-point change observed among the ten iron-depleted 
and ten iron-sufficient infants. 
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The results of these two studies™ © were interpreted as indicating that 
mental developmental test performance improved rapidly after iron ther- 
apy among iron-deficient infants, regardless of whether anemia was pres- 
ent. Because neither study included a placebo group, however, it is nec- 
essary to use caution in accepting this interpretation. It is not the 
improvements in test scores that are in doubt—the increases in the iron- 
deficient groups were both clinically and statistically significant—but the 
certainty with which these improvements can be attributed to iron therapy. 
In the absence of a placebo treatment, it cannot be determined whether 
the increases in test scores were due to iron therapy or to another factor 
that made the iron-deficient infants react differently than the control groups 
to the test-retest experience. 

The apparent discrepancies in the results of some of the studies sug- 
gested that oral and intramuscular iron might differ in their short-term ef- 
fects on developmental test scores. The effects of these two modes of treat- 
ment were therefore compared in a new study of 191 Costa Rican infants 
by Lozoff et al.© After 1 week of treatment, the increases in Bayley test 
scores and hematologic parameters among iron-deficient infants receiving 
intramuscular iron did not differ from those of iron-deficient infants receiv- 
ing oral iron. The therapeutic modalities were therefore combined for com- 
parison with placebo treatment. After 1 week, there was a significant in- 
crease in mental test scores regardless of whether the infants were anemic 
and treated with iron (+6 points) or placebo (+2 points) or nonanemic 
and treated with iron (+4 points) or placebo (+6 points). Similarly, there 
was no short-term effect of iron treatment on motor test scores. 

One other study has assessed the effects of intramuscular iron. Moffatt 
and colleagues in Canada (personal communication, 1987) evaluated 34 
6- to 24-month-old infants with iron deficiency anemia in a double-blind 
randomized controlled study in which half the children received intramus- 
cular iron and half were given a sham injection. The Bayley scales were 
administered before treatment, after 1 week, and after 2 months. After 1 
week, all infants were given oral iron for 2 months. A nonanemic control 
was not included in the study’s design. Upon retesting at 1 week, mental 
scores increased an average of 4 to 5 points in both the iron-treated and 
placebo groups, and the effect of treatment on motor scores was similarly 
nonsignificant. 

A new study by Walter and colleagues in Chile®’ also failed to reveal 
rapid improvements in test scores after oral iron therapy. Short-term in- 
creases in test scores were observed regardless of the treatment the infants 
received or their iron status prior to treatment. After receiving oral ferrous 
sulphate or placebo for 10 to 12 days, infants in the iron-deficient anemic, 
iron-deficient nonanemic, and control groups showed improvement in 
mental and motor scores, with increases averaging 4 to 9 points. 

Though the number of available studies is still limited, consistent results 
have been obtained in all five that included a placebo treatment: the in- 
vestigations in Guatemala® and Costa Rica, Oski and Honig’s original 
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study,°! the Moffatt et al project in Canada (personal communication), and 
the second Walter et al study.°’ Together, these studies indicate that short- 
term increases in test scores observed among iron-treated anemic infants 
are not significantly greater than those among placebo-treated anemic in- 
fants; increases in scores were observed regardless of the treatment the 
infants received or their iron status prior to treatment. The results of these 
studies indicate that an increase in Bayley test scores can be expected if 
the Bayley scales are readministered after a short time period and that 
these improvements probably reflect the effect of practice, since they can- 
not be attributed to iron therapy. 

In research with the rat, by contrast, rapid behavioral changes have fre- 
quently been reported. Explanations for this disparity might be that the 
behaviors assessed in the rat and human studies are not comparable and/ 
or that the iron deficiency did not occur at comparable points in develop- 
ment for the two different species. Recent studies by Ben-Shachar et al. 
and Ruiz et al.°” provide support for these explanations: learning deficits 
and changes in the reactivity of the parietal association cortex that were 
not rapidly corrected by treatment were noted when iron deficiency ane- 
mia was induced in newborn rats, whereas altered activity patterns have 
quickly returned to normal in other studies using older animal. !° 

Studies of short-term effects of iron therapy among human infants have 
also left two other important issues unsettled: the degree of iron deficiency 
that impairs infant behavior and the effectiveness of iron therapy in com- 
pletely correcting behavioral alterations. 


Degree of Iron Deficiency at Which Infant Behavior Is 
Adversely Affected 


Oski and Honig’s pilot study®! and the recent study by Moffatt et al in 
Canada (personal communication, 1987) did not directly address this issue 
because the studies did not include a nonanemic comparison group. How: 
ever, three studies have compared the developmental test performance of 
infants with iron deficiency anemia to that of appropriate nonanemic con- 
trols. In the Guatemalan study described in the preceding section,® the 
mean mental development test score of the 28 iron-deficient anemic in- 
fants was 87 compared with the mean score in the nonanemic group of 
100; a 9-point pretreatment difference in motor scores was also observed. 
Mental test score deficits were especially marked in older anemic infants, 
and the pattern of item failure suggested particular difficulty with verbal 
items.® A significant correlation between the degree of iron deficiency and 
mental test scores was also observed in the older age group.® In the first 
Chilean investigation by Walter et al., the average mental test score of 
ten iron-deficient anemic babies was 98, 12 points less than the mean 
score of the 27 infants with hemoglobin levels greater than or equal to 11 
gm/dl; there was no difference between groups in motor scores. Somewhat 
similar results were also obtained in a recent study of 145 Asian 21- to 23- 
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month-olds living in the United Kingdom.®? Sixty-one children with he- 
moglobin levels less than 11 gm/dl received lower scores on a develop- 
mental screening test than children with higher hemoglobin levels; signifi- 
cant between-group differences were noted in the areas of fine motor and 
social development. Whether there was a particular level of anemia at 
which developmental test performance was adversely affected was not 
specifically addressed by these studies, however. 

Only one previous study in which iron status was carefully determined 
focused solely on infants with normal hemoglobin levels but varying de- 
grees of iron lack. Oski et al.,©° in a study briefly described previously, 
examined 38 9- to 12-month-old infants with hemoglobin levels greater 
than 11 gm/dl. Eighteen infants were iron deficient without anemia, ten 
were iron depleted, and ten were iron sufficient. The average mental test 
score of the infants with iron deficiency was 85 points, 10 points lower 
than those with iron depletion. However, the scores of the completely iron 
replete infants (mean = 91) fell between those of the iron-deficient and 
iron-depleted babies. Thus, using suitable iron-replete controls, the study 
did not find a statistically significant test score deficit in the iron-deficient 
but nonanemic group. 

Differences in Bayley test scores were not obtained in two studies in 
which the measures of iron status were more limited. Johnson and Mc- 
Gowan,*~ drawing a sample of 1-year-old infants from a low income Mex- 
ican-American population, found no differences in mental or motor test 
scores between 25 anemic infants (hemoglobin levels <10.5 gm/dl) and 
an equal number of matched nonanemic controls. Iron deficiency was pre- 
sumed to be the cause of the anemic infants’ low hemoglobin levels: how- 
ever, no measures of iron status were obtained. Deinard et al.,” ina study 
of 9- to 11-month-old infants, all of whom had hematocrit levels greater 
than or equal to 34%, did not find cognitive test score differences among 
either a group of 34 infants with low ferritin levels, a second group of 21 
babies with intermediate ferritin values, or a third group of 157 babies with 
higher ferritin values. Because the serum ferritin was the only available 
measure of iron status, however, infants with iron depletion could not be 
distinguished from those with iron deficiency. 

It cannot be determined from these studies whether iron deficiency in 
the absence of anemia truly is not associated with developmental test score 
deficits or whether the lack of statistical significance was due to some meth- 
odologic limitation, such as small sample size or ambiguity in iron status. 
The lower scores of the infants in the iron-deficient nonanemic group in 
the Oski et al study,°° though not statistically significant, and the observed 
relationship between degree of iron deficiency and mental scores among 
older infants in the Guatemalan study suggested that further research 
was needed to resolve the issue of the degree of iron deficiency at which 
infant behavior and development become affected. The recent study in 
Costa Rica by Lozoff et al.°° therefore addressed this issue by enrolling in 
a single study a relatively large number of infants with varied iron status. 
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The sample consisted of 191 12- to 23-month-old infants divided into 
groups ranging from most to least iron deficient as follows: (1) iron-defi- 
cient anemic (n=52), (2) intermediate in hemoglobin level and iron defi- 
cient (n=45), (3) nonanemic iron deficient (n=21), (4) nonanemic iron 
depeleted (n =38), and (5) nonanemic iron sufficient (n=35). The data of 
the anemic infants were further analyzed with respect to actual hemoglobin 
level, since lower hemoglobin levels indicate more severe iron deficiency 
once anemia is present. 

Infants with moderate iron deficiency anemia (hemoglobin =10.0 gm/ 
dl) were found to have lower mental and motor test scores than appropri- 
ate controls; infants with mild anemia (hemoglobin = 10.1 to 10.5 gm/dl) 
received lower motor scores but not mental scores; and infants with lesser 
degrees of iron deficiency did not have impairments in developmental test 
performance. The mean mental test score of the moderately anemic in- 
fants was 8 points below that of infants with higher hemoglobin levels 
(>10.0 gm/dl), and the mean motor score of the entire anemic group was 
10 points below that of infants with hemoglobin levels greater than 10.5 
gm/dl. Mental test scores decreased with age in all groups; the differential 
decrease observed among older anemic infants in the Guatemalan study 
was not found.® However, anemic infants in all age groups seemed to 
have trouble with particular motor functions involving balance and coor- 
dination. 

The results of the Costa Rican project are noteworthy for several rea- 
sons. The study was community based, thus minimizing biases potentially 
involved in research with patient populations. Infants with all known risk 
factors for altered hematologic or developmental status had been carefully 
excluded. Iron-deficient and iron-depleted conditions were confirmed by 
hematologic response to iron therapy. Finally, an extensive set of back- 
ground variables relating to birth, general nutritional status, lead level, fam- 
ily background, home environment, and parental IQ failed to reveal any 
factor other than iron deficiency anemia that might explain the findings. 

Similar results were obtained in another study with a strong research 
design, recently completed by Walter and associates in Chile.®” This proj- 
ect is exceptional because the infants were studied prospectively from birth 
as part of a field trial of iron-fortified foods. Participating infants in an entire 
community were randomly assigned iron fortification or control. This fea- 
ture of the study is especially important, since the disadvantages in the 
home environment that may be associated with iron deficiency were 
largely controlled by the random allocation procedure. Iron measures were 
obtained at 9 and 12 months and developmental assessments initially per- 
formed at 12 months. Not surprisingly, most of the iron deficiency and 
anemia occurred among the infants who did not receive iron-fortified 
foods. As in the Costa Rican study, iron status was ultimately confirmed 
by hematologic response to therapeutic iron, administered after 12 months 
of age. The developmental assessments at 12 months indicated that the 
39 infants with iron-deficiency anemia had significantly lower mental and 
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motor scores than either 127 iron-deficient nonanemic infants or 30 iron- 
replete controls. The differences were similar to those obtained in Costa 
Rica: mental scores of the anemic infants averaged 6 to 7 points lower 
than those of nonanemic infants, motor scores averaged 9 to 11 points 
lower, and test score differences were not observed in the absence of iron 
deficiency anemia. An analysis of specific items on the mental scale sug- 
gested that the anemic infants had particular difficulty with verbal items, as 
observed in the study in Guatemala. On the motor test, anemic infants 
had difficulty with items similar to those reported in the recent study in 
Costa Rica.© 

Due to its prospective design, the new study by Walter et al.°’ provides 
insight into the importance of chronicity and severity in iron deficiency 
anemia. Those infants who were anemic at both 9 and 12 months had 
significantly lower developmental test scores than those with anemia of less 
than 3 months’ duration (i.e., those who had normal hemoglobin levels at 
9 months and anemic levels at 12 months). As would be expected by the 
pathophysiology of iron deficiency, infants who were anemic at 9 and 12 
months of age had lower hemoglobin levels than those whose anemia was 
not apparent until the 12-month testing. Although results of other studies 
have suggested a need for considering the chronicity, severity, and timing 
of iron deficiency, the results of this project, unique among published stud- 
ies on the behavioral effects of iron deficiency for its prospective design, 
confirm the importance of such factors. 

In sum, the results of research published to date support the conclusion 
that iron deficiency severe enough to cause anemia is associated with im- 
paired performance on developmental tests in infancy. Five published 
studies with careful definition of iron status and nonanemic control groups, 
conducted in Guatemala,® Chile, ©” the United Kingdom,” and Costa 
Rica, found clinically and statistically significant lower mental test scores 
among anemic infants prior to treatment. Lower motor test scores among 
anemic infants were also noted in the studies in Guatemala,™ Costa 
Rica, and the second project by Walter et al. in Chile.®’ The alterations 
in motor test performance are particularly interesting in view of the consis- 
tent changes in motor activity in the iron-deficient laboratory animal and 
the interrelatedness of locomotor function and cognitive development in 
the human infant. Significant cognitive or motor deficits have not yet been 
found among nonanemic infants with varying degrees of iron lack, but it 
would be premature to conclude that there are no ill effects. Furthermore, 
although consistent, the results of several studies of anemic infants do not 
mean that the observed alterations are due to anemia per se rather than 
to iron deficiency. Iron deficiency anemia develops only after a relatively 
prolonged period of iron lack. Thus, in the absence of rapid behavioral 
changes preceding hematologic improvement, it is extremely difficult to 
separate the effects of anemia from those of iron deficiency. Experimental 
manipulations, such as transfusion to correct anemia without altering iron 
deficiency, would enable one to disentangle the two conditions. Since 
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these experiments are not appropriate in the human infant, the relative 
roles of anemia and iron deficiency are likely to remain ambiguous in the 
foreseeable future. 

That lower mental and motor test scores have been observed among 
iron-deficient anemic infants raises the further questions of why their scores 
were lower and how they might improve rapidly. Recent investigations 
have often assumed that disturbances in affect, arousal, or attentiveness 
were important determinants of anemic infants’ poorer developmental test 
performance.’ ’” 73 However, attempts to document such alterations 
have been hindered by the paucity of standardized measures of noncog- 
nitive behavior in infancy. Eight of the available studies reported assess- 
ments of noncognitive behavior by means of the ratings on the Bayley 
Infant Behavior Record, but the results are often not directly comparable 
due to the different analytic methods employed.’* Other limitations, such 
as small sample size, restricted measures of iron status, and the absence of 
either placebo or nonanemic control groups, have already been noted. 
Nonetheless, a number of behavioral alterations, including changes after 
treatment and differences between iron-deficient and control groups, have 
been observed. 

Oski and Honig®! reported that iron-deficient anemic infants became 
more alert and responsive and better coordinated after iron therapy. Wal- 
ter et al. noted that anemic infants were more likely to be rated as un- 
happy during initial developmental testing and to become more coopera- 
tive and attentive on retesting. Honig and Oski observed that iron-deficient 
infants with hemoglobin values greater than 11 gm/dl were less irritable, 
more persistent, easier to engage in play, and less solemn after treat- 
ment.° ”° Although no treatment-associated changes in behavior ratings 
were reported in the Guatemalan study,’”® ”” behavioral disturbances were 
evident among the iron-deficient anemic infants. Moreover, those distur- 
bances were closely related to poor developmental test performance. Ane- 
mic infants who were unduly fearful, unhappy, tired, tense, and hesitant 
or withdrawn with the examiner received low mental test scores, whereas 
anemic infants who were rated normal in affect achieved mental test scores 
comparable with those of nonanemic controls and normal by US stan- 
dards.’° ’” Anemic infants and their mothers also maintained closer con- 
tact_during play than nonanemic infants and their mothers.’® Walter et 
al.,°” analyzing the Infant Behavior Record in ways similar to those re- 
ported by Lozoff et al.,”* 7” found a pattern of behavioral differences quite 
like those observed in Guatemala: lower mental scores were noted among 
anemic infants who were abnormal in affect or task orientation. On indi- 
vidual Infant Behavior Record ratings, anemic infants were less responsive 
to the examiner, their mothers, and people in general, unhappier, less goal 
directed, showed shorter spans of attention, vocalized less, and moved 
less. In addition to differences in behavioral ratings, these investigators ob- 
served a pattern of cardiac responses to auditory habituation indicative of 
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less advanced attentional processing among anemic infants (DeAndraca et 
al., personal communication, 1987). Related to these findings may be the 
results of Moffatt et al. (personal communication, 1987) suggesting that 
anemic infants’ orientation to tasks may improve with iron therapy. Despite 
the absence of between-group differences in mental test scores in the study 
by Deinard et al.,’”1 several behavioral differences between infants with low 
ferritin values and controls were reported. Only one study, by Johnson 
and McGowan,’° reported no behavioral differences. On balance, with 
seven of eight studies noting noncognitive behavioral differences between 
anemic and nonanemic infants during developmental testing or play or 
behavioral changes after treatment, the results indicate the fruitfulness of 
examining affect, attention, and activity as well as standard test scores. 


Complete Correction of Behavioral Alterations With Iron 
Therapy 


The early search for rapid behavioral changes was motivated by an interest 
in attributing improvements in behavior and in test scores to improved 
function of iron-dependent central nervous system enzymes rather than to 
the correction of anemia. Although separating the effects of iron deficiency 
from those of anemia is important, a more pertinent question from a clin- 
ical perspective is whether iron therapy completely corrects any behavioral 
abnormalities, regardless of how soon changes might be detectable. Until 
very recently, none of the infant studies could address this issue because 
none included assessments after a longer course of iron therapy. 

The recent study in Costa Rica® was specifically designed to examine 
the effects of a course of treatment commonly used in practice—3 months 
of oral iron therapy. On the basis of hematologic response to iron therapy, 
infants who became iron sufficient by study conclusion were distinguished 
from those who did not correct all evidence of iron deficiency. Three 
months of iron therapy was sufficient to correct completely the iron defi- 
ciency of nine infants (26%) in the group that was initially moderately 
anemic, even though none of the others remained anemic. Lower mental 
test scores were no longer evident among these nine infants. However, the 
absence of a posttreatment difference was due not to significant improve- 
ments in the mental test scores of the formerly moderately anemic infants 
but to the slight but statistically significant decline in mental scores after 3 
months in the comparison group. Those anemic infants who did not be- 
come iron sufficient concluded the study with mental scores that were still 
significantly lower (mean = 93.2) than those of infants with initial hemo- 
globin levels greater than 10.0 gm/dl, regardless of whether the latter were 
iron sufficient after 3 months (mean = 101.8) or not (mean = 100.2). In 
contrast to the pattern of mental test score results, previously anemic in- 
fants who became iron sufficient by study’s end did show a substantial 
increase in motor test scores, averaging 10 points, while the motor scores 
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of infants with hemoglobin levels greater than 10.5 gm/dl who became 
iron sufficient remained approximately the same. Previously anemic infants 
who did not become iron sufficient concluded the study with motor scores 
(mean = 106.3) that were still substantially lower than those of infants 
with initial hemoglobin levels greater than 10.5 gm/dl (mean = 114.9). 
There was laboratory evidence that anemic infants who did not become 
iron sufficient after 3 months had more severe and chronic iron deficiency. 

Similar results, indicating that the majority of anemic infants do not show 
improvement after iron therapy, have been obtained in two other studies, 
one in the United Kingdom”? and the other in Chile.®” (The study by Mof- 
fatt et al. [personal communication, 1987], despite follow-up after 2 
months, does not address this issue, since all anemic children were treated 
with iron and there was no nonanemic control group). Aukett et al.”? in a 
double-blind randomized study of 17- to 19-month-old iron-deficient chil- 
dren in the United Kingdom found that 58% of those who showed a dis- 
tinct hematologic response to 2 months of therapeutic iron (hemoglobin 
increase =2 gm/dl) failed to show the rate of development expected for 
their age. The expected rate of development was defined as the number 
of new items on a developmental screening test that 50% of average chil- 
dren in this age group would be expected to pass over a 2-month interval. 
It is important to note, however, that a greater proportion of children 
showing a marked hematologic response to iron therapy did achieve the 
expected rate of development than those who were treated with iron but 
whose increase in hemoglobin level was less than 2 gm/dl. The use of 
placebo treatment for 2 months is a methodologically strong, though con- 
troversial, aspect of this study’s design, but the results are difficult to com- 
pare to those of other studies for several reasons: the developmental mea- 
sure was unlike that used in other projects; analyses of mean 
developmental scores revealed no significant effects of treatment; and the 
decision to consider an increase in hemoglobin of 2 gm/dl or more as, 
indicating effective treatment has no counterpart in other studies and may 
be a somewhat arbitrary cut-off that separated the children in this particu- 
lar study. Nonetheless, this study, in conjunction with the one in Costa 
Rica, suggests that iron therapy may favorably affect developmental test 
scores among some anemic children, but not the majority. The only other 
study relevant to the question of longer-term iron therapy is the second 
study by Walter and associates in Chile,°’ which is directly comparable in 
design to that in Costa Rica. As in the latter study, the administration of 
oral iron was carefully supervised and an excellent hematologic response 
documented. However, in contrast to the results obtained in Costa Rica, 
even those anemic infants who corrected their hematologic status failed to 
improve their scores. Thus, no improvements in mental or motor test 
scores were observed after three months of treatment. 

The lack of improvement with iron therapy in these studies makes it 
difficult to be certain that the lower scores are due to iron deficiency ane- 


Behatioral Alterations in Iron Deficiency / 347 


mia, rather than some other nutrient or environmental deprivation. Al- 
though several investigators have seriously grappled with this possibility by 
exhaustive attempts to measure and control potentially intervening factors, 
the possibility that iron deficiency anemia is acting as a marker for other 
underlying problems must be kept in mind. 

Inasmuch as the follow-up period in the Costa Rican, Chilean, and Brit- 
ish studies was only 2 to 3 months, these studies cannot determine 
whether ill effects of iron deficiency anemia persist beyond infancy. The 
lower mental and motor test scores among many of the iron-deficient ane- 
mic infants might have responded to a more extended course of iron ther- 
apy. It is also possible that these differences might disappear sponta- 
neously, especially because Bayley scores in the second year of life are 
only moderately correlated with measures of cognitive function in child- 
hood.®° 81 Alternatively, the deficits might persist even if laboratory evi- 
dence of iron deficiency had been entirely corrected in all the anemic in- 
fants. This outcome would indicate that iron deficiency anemia in infancy, 
perhaps of a particular severity or chronicity, has irreversible ill effects. 

Three observations support the latter worrisome possibility. First, in a 
series of studies with young rats, a brief period of induced iron deficiency 
anemia produced a deficit in brain iron and behavioral effects that 
persisted into adulthood despite correction of the associated ane- 
mia.” ® 11; 12, 32, 33,37 Second in a follow-up study of Israeli children 
treated for iron deficiency anemia in infancy, Palti et al.” noted that lower 
hemoglobin levels at 9 months were associated with lower developmental 
and IQ test scores obtained as many as 4 years later. Even after controlling 
for other important factors, such as mother’s education, social class, and 
birth weight, these investigators found a 1.75-point increase in IQ at age 5 
with each 1 gm/dl increment in hemoglobin level. This effect on IQ scores 
is noteworthy because the infants’ anemia had been diagnosed early and 
treated with iron as part of a health surveillance program. Although iron 
status was documented only by hemoglobin levels and hematologic re- 
sponse to iron treatment was not confirmed, the results suggest that ane- 
mia, as commonly diagnosed and treated in many parts of the world, may 
affect intellectual development even several years after it has been treated. 
In an abstract, Cantwell®* described a preventive trial of iron therapy in 
which subjects were followed for 6 to 7 years. Children who had been 
anemic between 6 and 18 months of age (n=32) were less adept than 
children in whom anemia had been prevented (n=29) at balancing on 
one foot, tandem walking, and repetitive hand or foot movements. The IQ 
scores of the formerly anemic children were also 6 points lower. These 
concerns about lasting ill effects of iron deficiency anemia in infancy should 
be considered speculative. However, the results of the research to date 
would seem to warrant further research to assess the effectiveness of a 
prolonged course of iron therapy and to evaluate children who had iron 
deficiency anemia as infants. 
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Older Children, Adolescents, and Adults 


Studies of behavioral changes in age periods after infancy are heteroge- 
neous in terms of methodology and of the age groups examined. Although 
this diversity means that few results have yet been replicated, these studies 
have addressed two important questions that are methodologically difficult 
to study in infancy: what are the specific cognitive functions that may be 
impaired by iron deficiency and what is the functional significance of be- 
havioral alterations due to lack of iron. 

Several recent studies have assessed behavioral alterations in children, 
adolescents, and adults with varying degrees of iron lack and/or anemia. 
Seshadri et al. in India®* reported improved IQ scores in anemic children 
after 2 months of an oral iron-folic acid supplement. This study, expanding 
on experience with a pilot project, included 14 5- to 6-year-old boys with 
hemoglobin levels between 8.0 and 10.5 gm/dl who received the supple- 
ment and a matched group of 14 anemic boys given placebo. After 60 
days, the treated group had average increases of 10 to 17 points in verbal, 
performance, and total IQ scores, while the placebo group averaged 5- to 
7-point increases. For verbal and total IQ, these increases were statistically 
significant in both the treatment and placebo groups, but performance IQ 
scores were significantly increased only among iron-treated boys. On all 
three scales the final scores of the treated group were significantly higher 
than those of the untreated group. Based on these results the authors con- 
cluded that iron-folic acid supplements improved intelligence test scores, 
particularly on nonverbal tasks. However, some features of the study’s de- 
sign limit the confidence with which the observed changes can be attrib- 
uted to the treatment of iron deficiency. The children’s iron status cannot 
be determined with certainty. Their anemia was presumably due to iron 
deficiency, since cell morphology on smear was hypochromic and micro- 
cytic and the treated group increased 2.4 gm/dl in hemoglobin concentra-' 
tion after 60 days. Such a response to treatment would ordinarily consti- 
tute proof of iron deficiency even without laboratory measures of iron 
status, but the addition of folic acid to the supplement introduces a con- 
founding factor. The absence of nonanemic control group further limits 
interpretation, since it is not clear that the scores of the anemic children 
reflect a deficit compared to those of normal children. 

In studies of 3- to 6-year-old children, one in the United States® and 
the other in Guatemala,®° Pollitt and associates used a sophisticated test 
battery, developed from an information processing model, to assess atten- 
tion, learning, and memory processes independently. In the US study,®° 
the performance on this test battery of 15 “‘sideropenic”’ children was com- 
pared with that of another 15 children with normal iron status and 
matched to the sideropenic group with respect to age, sex, race, and 
height. On initial psychologic evaluation, the children whose transferrin sat- 
urations subsequently increased required more trials to reach a learning 
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criterion in three discrimination learning tasks and made more errors only 
in the simplest of the memory tests. The differences in the learning tasks 
disappeared on the second evaluation. Similar results were reported in a 
second study,®° conducted in Guatemala, which compared 20 iron defi- 
cient anemic children whose hemoglobin levels increased after 11 to 12 
weeks of oral iron treatment with 20 matched controls whose hemoglobin 
levels were at least 11.5 gm/dl before and after the same iron therapy. 
Pollitt et al. interpreted this pattern of results on the cognitive test battery 
to mean that improved iron status was associated with improved atten- 
tional processes, without effect on memory or rate of learning. However, 
aspects of the treatment component in each study hinders such an inter- 
pretation. In the first project the control group apparently received no 
treatment at all, and the treatment component was ultimately ignored since 
treatment only partially corresponded to hematologic response. In the sec- 
ond study, results have been presented for those subjects who received 
iron treatment, but not for those who received placebo. In addition, the 
functional significance of the observed cognitive changes is unknown. 
Nonetheless, these studies are strong in that the final criterion for iron de- 
ficiency was improved iron status and the measures of cognitive function 
were conceptually derived from a model of cognition. 

Another study of Preschool children, recently completed in Java by Pol- 
litt and associates,®” has been reported at national meetings but not yet 
published. The preschool children of 235 families associated with a partic- 
ular tea plantation received either oral iron or placebo for 8 weeks. A 
battery of cognitive tests, including two two-choice discrimination learning 
tasks, four oddity learning tasks, and the Peabody picture vocabulary test, 
was administered before and after treatment. The children were classified 
on the basis of their iron status before treatment and the data analyzed 
accordingly. All groups of iron-treated children, regardless of initial classi- 
fication, increased their hemoglobin levels significantly, which indicates that 
iron status was marginal in this population as a whole. Iron-treated children 
obtained higher Peabody picture vocabulary test scores on second testing 
than those receiving placebo, regardless of initial iron status. In contrast, 
several of the learning tasks showed a differential response among the 
anemic children. After treatment the anemic iron-treated children had the 
best performance of all the groups on the reversal component of the dis- 
crimination learning task and on two of the four oddity learning tasks. 
Detailed discussion of this study must await full presentation of the results; 
at that point, it will be important to consider how these results fit with the 
model of cognitive alterations previously proposed by Pollitt and col- 
leagues. ®° °° 

Recent studies of iron-deficient anemic infants raise the possibility that 
iron therapy may not completely correct behavioral disturbances. Two in- 
vestigations involving older children also suggest that there is cause for 
concern. Deinard et al.2° found that 18- to 60-month-old iron-deficient 
children, with or without anemia, did not show the improvements in men- 
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tal test scores observed in control subjects upon retesting at 3 and 6 
months. The control group was also rated as more responsive to examiner 
and environment and more positive in emotional tone. Although hemato- 
logic response to iron was used to confirm iron deficiency, this study is 
difficult to interpret for several reasons: the iron-deficient children did not 
receive lower test scores prior to treatment; the age range of the subjects 
was large and the sample size modest so that analysis within age groups 
was impossible; and there is no standard for interpreting the increased test 
scores in the control group. Although short-term increases in mental scores 
have been reported, the degree of improvement due to practice or test 
comfort that might be expected after intervals of 3 to 6 months is not well 
described in young children.®® 

Another recent project with a powerful study design raises similar con- 
cerns about the effectiveness of iron treatment. This study, by Soemantri 
et al. in Indonesia,®? not only assessed the effects of 3 months of iron 
therapy but also included a measure—school achievement test scores— 
that permit one to interpret the functional significance of abnormalities ob- 
served in iron-deficient children. Three months of iron or placebo treat- 
ment was given to a group of 119 children, 78 of whom had iron defi- 
ciency anemia and 41 of whom were nonanemic. Prior to treatment the 
anemic children had significantly lower achievement test scores than the 
nonanemic group. After treatment, the iron-treated anemic children’s test 
scores significantly improved over those of the placebo-treated anemic 
children. However, pretreatment test score differences remained; at the 
conclusion of the study the achievement test scores of anemic children, 
whether iron- or placebo-treated, were still lower than those of nonanemic 
controls. 

Another recent study, by Gopaldas and associates in India,” noted sub- 
stantial improvements in cognitive function among iron-treated anemic 
school boys. The cognitive function tests were visual recall (a test of mem-, 
orizing capacity), digit span (a test of attention, short-term auditory mem- 
ory, and auditory sequencing), mazes (a test of visual motor coordination 
and visual perception), and a clerical task (a test of discrimination and 
perception), which were summed to give an overall score. Two levels of 
iron therapy were compared with placebo treatment, with medication ad- 
ministered at school for 60 days in a double-blind randomized design. Al- 
though the study does not permit pretreatment comparisons between ane- 
mic and nonanemic children because all 48 subjects were matched for 
baseline scores in the cognitive function tests, this matching procedure clar- 
ifies the effects of treatment. Boys supplemented with iron at the higher 
dose (40 mg) showed significant improvements in all cognitive functions 
compared to the placebo group, while those supplemented with 30 mg of 
iron showed improvements less consistently. Further data analysis, com- 
paring anemic and nonanemic boys within each treatment group, indicated 
that it was the anemic children whose cognitive function benefited from 
iron therapy. 
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The studies in Indonesia®? and India,” together with a mathematical 
model based on data from the Philippines proposed by Popkin and Lim- 
Ybanez,”! suggest that iron deficiency anemia may be an important influ- 
ence on school achievement, especially in developing countries and in dis- 
advantaged populations elsewhere. Attempts to extrapolate the results to 
other cultures and to estimate the magnitude of the functional impairment 
must be made cautiously, however, because the studies used measures 
specifically designed for the culture under study. Although the failure to 
correct the deficits completely in the Indonesian study®? leaves unresolved 
concerns about long-lasting or irreversible behavioral alterations, achieve- 
ment test scores and cognitive function did improve considerably with iron 
therapy. The observed improvements underscore the value of treating iron 
deficiency anemia. 

Research on the effect of iron deficiency on cognitive function in adoles- 
cence and adulthood is even more limited. In 1970, Elwood and Hughes” 
reported that neither cognitive function nor subjective symptoms were im- 
proved among anemic pregnant women whose hemoglobin levels in- 
creased with iron therapy. In the years following the publication of this 
study, little research was apparently undertaken. Recently, however, a few 
studies have been published. Tucker and associates”**° reported a series 
of experiments assessing the relationships among measures of iron status, 
cognitive performance, and quantitative EEG measures in normal univer- 
sity students. In the most recent study,”° with a relatively large sample size, 
higher levels of serum ferritin were associated with greater activation of the 
left hemisphere relative to the right, greater verbal fluency, and poorer 
nonverbal auditory task performance. The results were interpreted to ‘“‘sug- 
gest that body iron stores are relevant to specific neurophysiological pro- 
cesses supporting attention.””° Foley et al.” also found evidence of spe- 
cific cognitive effects of biochemical iron deficiency among university 
undergraduates. They noted small but statistically significant negative cor- 
relations between zinc protoporphyrin levels and three spatial tests (corre- 
lation coefficients ranging from — 0.18 to — 0.23). The importance of these 
observations and some of the methodologic approaches await further 
study, however, especially since the iron status of almost all the subjects 
would generally be considered in the normal range. 

A recent study of adults by Groner et al.?” examined 14- to 24-year-old 
women who came for prenatal care at or before 16 weeks’ gestation. 
Those with hematocrit levels greater than 31% were randomly assigned 
either a vitamin supplement with iron or vitamins alone for 1 month. The 
iron-treated group showed significant improvements on some measures of 
short-term memory and attention span. The study was interpreted to indi- 
cate a beneficial effect of iron therapy. However, because the iron status 
of the two groups was similar at the conciusion of the study and none of 
the subjects showed biochemical evidence of iron deficiency before or after 
treatment, this interpretation may be problematic. 

The only other recent study of adults involved a small group of patients 
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who were made chronically iron deficient, but not anemic, by repeated 
venesections to treat polycythemia vera.”® The one symptom that seemed 
clearly attributable to iron deficiency was intense craving for ice in four of 
the seven patients. 

The few available studies on adult cognitive function thus fail to provide 
much information about behavioral effects of iron deficiency. In contrast, 
there is considerable evidence from a variety of perspectives that iron de- 
ficiency anemia adversely affects work capacity and spontaneous activity 
in the adult. Evidence has steadily accumulated that iron deficiency anemia 
limits maximal physical performance.*” 7% 1°° 4 diminished ability to per- 
form brief, intense exercise tasks has been shown for anemia produced by 
phlebotomy” and for iron deficiency anemia, under both field and labo- 
ratory conditions.*°* °°: °4 In addition, evidence that submaximal endur- 
ance is decreased has also been provided by field studies.°! 5? As might 
be expected from research on physical performance in animals,“ both 
anemia itself and iron deficiency separate from anemia seem to contribute 
to adverse effects on exercise capacity.4” Some researchers, >? however, 
while agreeing that mild iron deficiency limits maximal exercise capacity, 
have doubted that such a restriction would influence the activity of most 
people, because even manual laborers seldom work near their maximum 
capacity. 

Despite these doubts, the few studies to examine the effect of iron defi- 
ciency on spontaneous or voluntary activity in humans concluded that iron 
deficiency has significant functional consequences. Edgerton and 
colleagues*” examined the effect of iron treatment on the spontaneous 
activity of eight carefully matched pairs of women with iron deficiency ane- 
mia who were employed as tea pickers in Sri Lanka: one of each pair was 
treated with placebo and one with ferrous sulfate. This study did not com- 
pare the activity of iron-deficient and iron-replete individuals because a 
control group of nonanemic women was not included. Activity was mea-, 
sured using a small motion-sensitive device strapped to the ankle of the 
volunteer and recorded, along with the electrocardiogram, on 4- or 24- 
hour recorders. Compared with their placebo-treated matched controls, 
the women treated with iron were approximately 40% more active after 2 
weeks of therapy, and 80% more active after 3 weeks. Over the 3-week 
treatment period, the hemoglobin concentration in women receiving iron 
increased from about 8 to 11 gm/dl. Similarly, evidence that iron defi- 
ciency anemia compromised worker production with concomitant eco- 
nomic loss was presented in research by Basta et al.,°? Popkin,! and 
Pollitt et al.° 

It is especially important to understand the functional significance of ad- 
verse behavioral effects of iron deficiency because iron deficiency anemia 
is the most common nutritional disorder in the world. An estimated 20% 
of the adult men, 35% of adult women, and 40% of the children in the 
world are anemic, and over half of the anemia is thought to be due to iron 
deficiency." To estimate the functional significance of iron deficiency, 


Behdvioral Alterations in Iron Deficiency / 353 


Levin? used the existing research base, albeit flawed and incomplete, in 
a benefit-cost analysis of programs to reduce anemia. The economic and 
social value of the additional work output and educational attainment that 
might be expected from correcting or preventing iron deficiency anemia 
was compared with the costs of iron supplementation or fortification of 
food with iron. Analyzing data from three different countries, Indonesia, 
Kenya, and Mexico, Levin concluded that the benefits substantially out- 
weighted the costs. Assuming medium benefits and costs, the benefit-cost 
ratios ranged from 7 to 70 for iron fortification of food and from 4 to 38 
for medicinal iron supplementation. These benefit-cost ratios are compa- 
rable to those of highly valued and widely accepted interventions, such as 
preventing iodine or vitamin A deficiency. The consequences of behavioral 
alterations in iron deficiency may thus become powerful considerations in 
public health policy as decisions are made about the allocation of scarce 
health care resources. 


a 
Summary 


ee ee a 
Cognitive Function 


There is reasonably good evidence that mental and motor developmental 
test scores are lowered among infants with iron deficiency anemia. Al- 
though the research on cognitive function in iron-deficient older children 
and adults is sparse and diverse, it suggests that there may be alterations 
in attentional processes associated with iron deficiency. Iron therapy has 
not yet been shown effective in completely correcting the observed distur- 
bances. Although some aspects of cognitive function seem to change with 
iron therapy, lower developmental, IQ, and achievement test scores have 
still been noted after treatment. The mechanisms explaining the variety of 
behavioral ill effects of iron-deficiency anemia in widely different age 
groups are still unknown. It is possible that they are due to changes in 
dopaminergic neurotransmission, but the biochemical bases are not yet 
completely understood. 





Noncognitive Disturbances 


A variety of noncognitive alterations during infant developmental testing 
has also been observed, including failure to respond to test stimuli, short 
attention span, unhappiness, increased fearfulness, withdrawal from the 
examiner, and increased body tension. Exploratory analyses suggest that 
such behavioral abnormalities may account for poor developmental test 
performance in infants with iron deficiency anemia. These studies indicate 
the fruitfulness of examining noncognitive aspects of behavior, such as af- 
fect, attention and activity, in addition to specific cognitive processes. 
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Activity and Work Capacity 


There has been a steady accumulation of evidence that iron deficiency 
anemia limits maximal physical performance, submaximal endurance, and 
spontaneous activity in the adult, resulting in diminished work productivity 
with attendant economic losses. The relative importance of central and 
peripheral mechanisms underlying these effects, the extent to which ane- 
mia or iron deficiency separate from anemia is responsible, and the coun- 
terpart in infants and children remain to be established. 

This review has examined recent evidence from research on central ner- 
vous system biochemistry and from human studies that iron deficiency ad- 
versely affects behavior by impairing cognitive function, producing non- 
cognitive disturbances, and limiting activity and work capacity. The body 
of research taken as a whole provides increasingly persuasive arguments 
for intensifying efforts to prevent and treat iron deficiency anemia. 
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In 1836, Richard Bright in his classic monograph on kidney disease’ rec- 
ognized the frequent occurrence of anemia in patients with renal failure. 
Since that time, significant progress has been made in the elucidation of 
the pathogenesis of the anemia of chronic renal failure (CRF). The anemia, 
however, remains a serious problem that limits the physical tolerance of 
many patients with CRF and prevents rehabilitation of patients receiving 
chronic dialysis treatments. 

In this chapter we review the role of the normal kidney in the regulation 
of erythropoiesis. We discuss the current concepts of the pathogenesis of 
the anemia of CRF with special emphasis on the role of erythropoietin (Ep) 
in the genesis and treatment of this anemia. 


The Role of the Normal Kidney in the Regulation 
of Erythropoiesis 


The role of the kidneys in regulating erythropoiesis was not recognized 
until 1957 when Jacobson and co-workers showed that removal of kid- 
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neys nearly abolished Ep production in rats.* These investigators showed 
that the kidneys were the major source of Ep production. 

Subsequent studies have shown that the normal isolated perfused kid- 
ney synthesizes Ep when perfused with a serum free medium,’ and that 
this synthesis is augmented when the kidney is perfused at low Po>.° Ex- 
tracts from hypoxic kidneys have yielded Ep® and Ep mRNA has been 
demonstrated in the kidney.’ 

Ep is considered to be the most important humoral regulator of eryth- 
ropoiesis. Ep production is regulated by the supply of oxygen to the site(s) 
of its production relative to the oxygen requirement of this tissue.® ? The 
kidney serves a dual role in the regulation of red cell production; this organ 
is responsible for sensing oxygen availability to tissues as well as for releas- 
ing Ep into the circulation.” 

Why the kidney should serve as the erythroid master organ may be 
related to the kidney’s unique adjustment of oxygen demand to oxygen 
supply.‘ Oxygen is consumed by the kidney primarily to fuel sodium 
reabsorption, which in turn depends on glomerular filtration rate (GFR) 
and renal blood flow. Thus, a reduction in oxygen supply due to de- 
creased renal blood flow also decreases GFR and oxygen demand; this 
explains why decreased renal blood flow from multiple causes per se does 
not cause increased Ep production.1° However, renal ischemia beyond a 
critical degree does lead to increase in Ep production.!? 


a 
The Cell of Origin of Erythropoietin 


The site of Ep generation within the kidney is a matter of debate. Renal 
tubular cells and juxtaglomerular apparatus have been considered as pos- 
sible sites of renal Ep generation.’ 14 However, immunofluorescence 
studies with antisera produced against crude Ep have localized Ep in the 
glomeruli."° Ep has been extracted from isolated glomeruli of hypoxic 
rats,’°17 and cultured mesangial cells are capable of producing Ep in re- 
sponse to hypoxia. !® 

The liver has been identified as the primary site of Ep production during 
fetal life.!? However, after birth, Ep generation is shifted to the kidney and 
hepatic Ep contributes only 10% to 15% of total Ep in normal adults.2° In 
the liver, Ep may be generated in the Kupffer cells. Ep immunofluorescent 
staining“! and isolated Kupffer cells are capable of generating Ep.” Extra- 
renal Ep production has been found to increase in association with in- 
crease in Kupffer cell function,’ in association with liver regeneration,7* 
and by injection of either renin or angiotensin II. 

Recently, complementary DNA (cDNA) sequence has been cloned for 
Ep from human fetal liver” as well as human renal cell carcinoma.2° The 
existence of Ep has also been demonstrated in salivary glands and mac- 
rophages.”” 
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sa 
Function of Erythropoietin 


Ep induces red cell formation by stimulating proliferation, downstream dif- 
ferentiation and maturation of erythroid progenitors and precursors.” 
Figure 1 provides a schematic diagram of the sites of Ep action in the 
bone marrow. Red cells are thought to originate from a primitive hemato- 
poietic cell capable of producing progenitors of all types of blood cells. 
This stem cell has been termed the colony forming unit-spleen (CFU-S) 
because transplantation of these cells into spleens of heavily irradiated 
mice gives rise to erythroid, granulocytic and megakaryocytic colonies.°° 
CFU-S has the unique capacity of nearly indefinite self replication. The 
mechanism by which CFU-S is committed to the erythrocytic pathway has 





MATURE BLOOD CELLS 

FIG 1. 

Schematic diagram for the sites of action of Ep and uremic toxins during erythroid 
differentiation. The broken lines represent sites where uremic toxins inhibit eryth- 
ropoiesis in in vitro studies; their role in vivo is not clear. The heavy line denotes 
exquisite sensitivity of the target cell to erythropoietin. CFU-S = colony forming 
unit-spleen; BFU-E = burst forming unit-erythroid; CFU-E = colony forming unit- 
erythroid. 
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not yet been clarified.*! The most primitive erythroid progenitor cell re- 
sponding to Ep is called the burst forming unit-erythroid (BFU-E). Large 
doses of Ep are needed to induce BFU-E to produce multiclustered bursts 
of hemoglobin-synthesizing cells in vitro.** °9 In vivo, the BFU-E are rela- 
tively insensitive to the alterations in the plasma Ep titer.°” °* More sensi- 
tive and specific for Ep action is an erythroid progenitor cell called the 
colony forming unit-erythroid (CFU-E). In response to low concentration 
of Ep, CFU-E produces small clusters of hemoglobin-synthesizing cells.°° 
CFU-E are similar to the basophilic normoblasts found in the bone mar- 
row. Ep probably also stimulates early release of reticulocytes from the 
bone marrow. 

In addition to the role of Ep in regulating erythropoiesis, lymphocytes, 
macrophages, and their conditioned media have been identified to influ- 
ence proliferation and maturation of erythroid progenitors.2® 33: 36 37 Jp 
addition, prostaglandins of E type, beta-adrenergic agonists, and certain 
androgenic steroids may also play a role in modulating erythropoie- 
sis. 


Structure of Erythropoietin and Development 
of Biosynthetic Human Erythropoietin 


In 1977, Miyake et al. isolated a relatively large quantity of Ep from the 
urine of severely anemic patients and purified it to apparent homogene- 
ity.*’ This material served as a source of pure Ep for the study of Ep 
structure. 

Ep is a glycoprotein with a molecular weight of 34,000 daltons and con- 
tains approximately 25% carbohydrate, consisting mostly of sialic acid.42 
The carbohydrate moiety is not critical for the erythropoietic action of Ep, 
but prevents its rapid-clearance.*? : 

In recent years, polyclonal and monoclonal antibodies were raised 
against purified Ep. This led to the development of radioimmunoassay 
(RIA) of Ep.“ The most important contribution of the RIA was that it be- 
came possible to monitor the isolation and fractionation procedures 
needed to determine the amino acid sequence of Ep.* Part of this se- 
quence was then used to predict the base composition of a corresponding 
cDNA, which in turn was used as a probe to identify the entire Ep 
gene.*° 26 42 Molecular biologists have isolated the gene and inserted it 
into mammalian cells capable of synthesizing unlimited quantities of Eo 
It was necessary to use animal cells rather than bacteria because Ep, with 
its 166 amino acids, is highly glycosylated and only animal cells provide 
the necessary sugar components. 

The recombinant human Ep has been purified from the cell conditioned 
medium to greater than 98% homogeneity. It is reported to have a specific 
activity of 129,000 IU/mg of hormone. Complete sequence analysis of 
highly purified human urinary Ep? and recombinant human Ep showed 
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that the two hormones have identical amino acid sequences, and on car- 
bohydrate structure analysis they have similar oligosaccharide chains. In 
addition, the biological activity and immunological properties of the human 
urinary Ep and recombinant hormones have not been distinguish- 
able.* 


Clinical Characteristics of the Anemia of Chronic 
Renal Failure 


The degree of anemia in patients with CRF is generally proportional to 
severity of uremia.*? °° Severe anemia is enerally not noted until the 
GFR falls below 20-40 ml/min/1.73m72.4?: > However, a wide scatter of 
hematocrit values is noted for the same level of renal function,°) °* which 
reflects the multiple causes of renal failure as well as the multifactorial ori- 
gin of the anemia. 

After end stage renal disease has occurred, the degree of anemia gen- 
erally remains relatively constant in patients maintained on hemodialysis 
or intermittent peritoneal dialysis. However, in patients treated with contin- 
uous ambulatory peritoneal dialysis (CAPD), a significant improvement in 
hematocrit is noted in the first year of CAPD treatment.>: 54 The anemia 
of chronic renal disease is generally milder in patients with polycystic kid- 
ney disease®° and those with concurrent hypertension.°® The anemia is 
more severe for the level of renal dysfunction in patients with medullary 
cystic disease, nephrotic syndrome, bilateral nephrectomies, and those 
with severe hyperparathyroidism. 

Patients with CRF generally tolerate anemia better than do those with 
comparably severe anemias due to other causes. This may be related to 
the lower hemoglobin-oxygen affinity,°” which results in a more effective 
delivery of oxygen to the tissues. In addition, diminution of renal blood 
flow allows a larger portion of the cardiac output to perfuse other tissues; 
under normal circumstances, approximately 20% of the cardiac output 
goes to the kidneys.°* ©? However, a substantial number of patients with 
CRF do suffer from decreased exercise tolerance and fatigue from the ane- 
mia. 


Laboratory Characteristics of the Anemia of Chronic 
Renal Failure 


The anemia of CRF, when uncomplicated by superimposed deficiency 
states or severe hemolysis, is characteristically normochromic, normocytic, 
and hypoproliferative.°” °° The absolute reticulocyte count is low. The leu- 
kocyte and platelet counts are usually normal. The peripheral smear may 
show burr cells; their frequency is roughly proportional to the severity of 
uremia. This morphological abnormality is likely related to the change in 
red cell membrane secondary to alterations in the chemical composition of 
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the uremic plasma.°! Other morphological abnormalities of red blood cells 
in patients with CRF are seen in the following situations: megaloblastic 
changes in patients with folic acid deficiency, hypochromic microcytic cells 
in patients with iron deficiency or aluminum toxicity, schistocytes in pa- 
tients with microangiopathic hemolytic anemia, spherocytes in patients 
with hypersplenism, acanthocytes and Howell jolly bodies in postsplenec- 
tomised patients, and cells with Heinz bodies in patients with abnormal red 
cell metabolism. 

The bone marrow in patients with CRF is characteristically normocellular 
without abnormalities in maturation.°” © The number of erythroid precur- 
sors is usually normal or even slightly increased.© Ferrokinetic studies 
show decreased plasma iron turnover, decreased rate of red cell iron utili- 
zation, and increased marrow transit time.°? ©° In most patients, the pat- 
tern is that of erythropoiesis that is decreased relative to the severity of 
anemia although the red cell maturation is orderly. 


ee 


Pathogenesis of the Anemia of Chronic Renal Failure 


Table 1 lists the major pathogenetic mechanisms of the anemia of CRF, 
and Table 2 lists the factors that influence the severity of anemia. Ulti- 
mately the anemia results from a defect in the ability of the hematopoietic 
system to adequately respond to hypoxic stimuli. Thus, it cannot compen- 
sate for the relatively mild degree of hemolysis that occurs in patients with 
advanced renal failure. Ep deficiency appears to be the primary causative 
factor for the decreased erythropoiesis, although uremic inhibitors of eryth- 
ropoiesis may also contribute to the problem. 


TABLE 1. 
Major Causes for the Anemia of Renal 
Failure 





I. Decreased Erythropoiesis 
A. Decreased erythropoietin production 
1. Loss of renal parenchyma 
2. Decreased hemoglobin—oxygen affinity 
3. Lowered set point for erythropoietin-tissue 
oxygenation-hematocrit feedback 
mechanism 
B. Inhibitors of cell proliferation and 
erythropoiesis 
Il. Hemolysis due to effect of uremic toxins on 
RBC membrane and cell enzymes 
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TABLE 2. 
Factors That Influence the Severity of the 
Anemia of Renal Failure 





Situations associated with less severe anemia 
Polycystic kidney disease 
CAPD treatment 
Hypertension 
Liver cell necrosis and regeneration 
Situations associated with increased severity of anemia 
Decreased erythropoiesis 
Bilateral nephrectomies 
Nephrotic syndrome 
Hyperparathyroidism 
Medullary cystic disease 
Concurrent infections 
Deficiency states of iron, folic acid, histidine, protein 
Aluminum toxicity 
Osteitis fibrosa from secondary hyperparathyroidism 
Exacerbation of hemolysis 
Exposure of RBC to oxidant stress 
“Stiff” cells due to hypophosphatemia 
Microangiopathy 
Hypersplenism 
Overheated dialysate 
Hypotonic dialysate 
Contaminants in the dialysate 
Excessive blood loss 
Blood loss in the dialyser with hemodialysis 
Gastrointestinal blood loss due to platelet defects 
Blood drawing for laboratory testing 
Surgical procedures 





Decreased Red Cell Survival in Chronic Renal Failure 


Decreased red cell survival is seen in all patients with advanced renal in- 
sufficiency using isotope red cell tagging with °'Cr, DF **P, 14C cyanate 
and measurement of carbon monoxide exhalation.“ © The red cell sur- 
vival is shortened to approximately half normal.®* Hemolysis, however, is 
mild enough that a normal hematopoietic system should be able to com- 
pensate for it. It is, therefore, not considered a major cause for the anemia 
of CRF. The hemolysis is caused by substances in uremic plasma that 
interfere with the RBC membrane’s ability to effectively pump sodium 
from the cells.° The transfusion of normal red cells into uremic patients 
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results in a shortening of the survival of the transfused cells, while transfu- 
sion of red cells from patients with CRF into nonuremic subjects is associ- 
ated with normal red cell survival.°? Hemodialysis or CAPD does not sig- 
nificantly improve red cell survival. 

In selected patients with CRF, red cell survival may be further shortened 
from the following complications: (1) increased rigidity of the red cell mem- 
brane due to hypophosphatemia from overly aggressive treatment with 
phosphate binders®’; (2) microangiopathy from hypertension, vasculitis, or 
defective hemodialysis coils; and (3) hypersplenism from chronic antigenic 
stimulation’? or from trapping of silicone particles that may have leaked 
from the dialysis tubing.’” Acute hemolysis has been observed if a patient’s 
red cells are exposed _during dialysis to various oxidants,’2~”* formalde- 
hyde,’° or overheated”* or hypotonic dialysate.’” The function of the RBC 
pentose phosphate shunt enzyme is impaired in uremia,’® hence these 
cells are more prone to the development of Heinz body hemolytic anemia 
in response to oxidant stress. 


Inhibition of Erythropoiesis in Chronic Renal Failure 


Several lines of evidence suggest that abnormal metabolites or substances 
retained in patients with CRF interfere with bone marrow function. (1) A 
number of patients with CRF continue to remain anemic despite the pres- 
ence of elevated serum Ep levels on bioassay’? or RIA,5? °° suggesting 
that the marrow has decreased sensitivity to circulating Ep in these pa- 
tients. Since some of these studies°”’?. did not quantify erythropoiesis by 
other means such as ferrokinetic studies, one cannot determine whether 
an appropriate erythropoietic response had occurred in these patients. (2) 
In nondialysis patients with declining renal function progressive anemia is 
noted despite no decrease in serum Ep levels, "°4 suagesting that 
erythropoietic tissues may be less sensitive to Ep in CRF. (3) Some pas 
tients placed on hemodialysis manifest improvement in hematocrit in the 
absence of significant changes in plasma Ep levels, suggesting that an in- 
hibitor was removed by dialysis.°° (4) McGonigle et al. have observed a 
significant correlation between the degree of in vitro inhibition of erythro- 
poiesis and the hematocrit level in patients with CRF. (5) Inhibition of 
erythropoiesis has been detected in the presence of sera from uremic pa- 
tients in several tissue culture systems employing both human and animal 
bone marrow cells, and also in fetal mouse liver cultures.°2 Uremic sera 
inhibit proliferation of BFU-E and CFU-E,™ ®° heme synthesis,°4 and mar- 
row thymidine incorporation.®° 

Substances that have been implicated as putative inhibitors of erythro- 
poiesis include spermine and parathyroid hormone. Radtke et al. convinc- 
ingly demonstrated that the polyamine spermine causes in vitro inhibition 
of erythropoiesis; an antibody to spermine removed the inhibitory effect of 
uremic serum on erythroid progenitor cells,®° However, spermine levels 
have not been found to be elevated in the plasma. of patients with end 
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stage renal disease®’ and spermine has been shown to inhibit in vitro gran- 
ulopoiesis in addition to erythropoiesis.®° Partially purified parathyroid ex- 
tract preparations were found to inhibit erythropoiesis in in vitro studies.®? 
However, the inhibitory effect was found to be nonspecific and was not 
observed when pure parathyroid hormone, or a synthetic peptide of partial 
sequence, was tested in culture.?? Moreover, parathyroid hormone levels 
have not been shown to correlate with the severity of anemia in a large 
group of patients with end stage renal disease.?! 

The identity or specificity of the uremic inhibitors of erythropoiesis has 
not been established. No inhibitor of erythropoiesis identified to date has 
demonstrated specificity or a significant differential effect on erythropoiesis. 
Delwiche et al. studied the effect of normal and uremic human serum on 
in vitro growth of granulocyte—macrophage colonies, erythroid colonies 
and megakaryocytic colonies in mouse marrow cell cultures.22 Their study 
showed that the uremic sera contained dialyzable inhibitors of in vitro he- 
matopoiesis that increased with the severity of renal dysfunction. However, 
the inhibitory substances present in uremic sera were not specific for eryth- 
ropoietic cells only; in vitro granulopoiesis and megakaryopoiesis were also 
suppressed.” McGonigle et al., on the other hand, found suppression of 
erythropoiesis but not of granulopoiesis in the presence of sera from pa- 
tients with renal insufficiency. 

It is possible that the uremic milieu may nonspecifically impair cell pro- 
liferation in several tissues. Interference with cell proliferation has been 
shown in the granulocytes,” intestinal epithelium,”* granulation tissue, 74 
lymphocytes,”° as well as male germinal epithelium. 


Factors That Aggravate the Decreased Erythropoiesis in 
Renal Failure 


Factors that contribute to the anemia of CRF include deficiency of folic 
acid,?’ iron,”* and histidine,”? as well as protein malnutrition.!© Iron defi- 
ciency may be seen in nontransfused hemodialysis patients because small 
repetitive blood losses in the dialyser may exceed the absorption of iron 
from the diet. Iron absorption from the gastrointestinal tract has been 
found to be normal in patients with CRF.?° However, concurrent admin- 
istration of antacids (used as phosphate-binders) with oral iron effectively 
chelate iron and interfere with its absorption. !” 

Subnormal serum folic acid levels are seen in about 10% of uremic 
patients.?” This may be related to increased folate binding proteins in their 
plasma.'©? Folic acid is a dialysable substance but the amount lost can be 
easily compensated by intake of a diet adequate in folic acid. Folic acid 
supplement of 1 mg/day is sufficient to prevent or correct its deficiency. 

Osteitis fibrosa, a complication of hyperparathyroidism, may reduce the 
erythroid marrow space and therefore may reduce erythropoiesis.'°? The 
extent of improvement in anemia following parathyroidectomy may be in- 
versely related to the degree of marrow fibrosis. !° 
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Aluminum toxicity results in microcytic red cells and accentuates the 
jae ees i interf ith the i oration of iron 
anemia. Aluminum probably interferes with the incorp 
into the erythroid cell for heme synthesis. The microcytosis reverses within 
1 to 2 months of treatment of aluminum overload with the chelating agent 
desferroxamine, generally before any improvement in hematocrit. 


Erythropoietin Deficiency in Chronic Renal Failure 


The most important cause of the anemia of CRF is decreased Ep produc- 
tion from the diseased kidneys. When in vivo bioassays utilizing radioactive 
iron incorporation in polycythemic mice were used to measure Ep concen- 
tration, serum Ep levels in uremic patients were either undetectable or well 
below those of comparably anemic patients who have normal renal func- 
tion.® 1°” Although the in vivo bioassay is capable of measuring increased 
circulating levels of Ep, it is not sensitive enough for the measurement of 
normal or subnormal levels of plasma Ep. Caro et al. concentrated the 
plasma approximately 200-fold from normal subjects and patients with 
CRF and then assayed the plasma concentration of Ep using the same 
polycythemic mouse bioassay.'°? Most patients with CRF had values sim- 
ilar to normal subjects; approximately 40% had elevated levels of bioactive 
Ep. However, all patients with renal failure had plasma Ep values well 
below the plasma Ep levels of patients with comparable degree of anemia 
but without renal failure.!°8 Radtke et al. used an in vitro bioassay and 
found serum Ep levels to be higher in all patients with CRF as compared 
to normal controls. *? . 

With the purification of human Ep, valid RIAs for Ep were developed 
that measure serum Ep levels as low as 0.4 mU/ml as compared to the 
sensitivity of the in vivo bioassay in unextracted plasma of about 50 mU/ 
ml. The results of serum Ep measurement by RIA have served to clarify 
whether the relatively low serum Ep levels observed in uremic subjects by 
bioassays were real or reflected the presence of inhibitors of erythropoiesis 
in the uremic plasma. The RIA of Ep has shown a high degree of correla- 
tion with the polycythemic mouse bioassay.!” The RIA is not as subject 
to the influence of enhancing or inhibitory factors in plasma as the in vivo 
or in vitro bioassays, even though co-incubation of human urinary Ep with 
uremic sera was shown to slightly reduce its immunoreactivity in the RIA 
and biologic activity in an in vitro assay.1’° Using the RIA, mean values 
for serum Ep were 18.8 mU/ml for normal females, 17.2 mU/ml for nor- 
mal males, 97 mU/ml for iron deficiency anemia patients and greater than 
1000 mU/ml for patients with anemia secondary to bone marrow fail- 
ure. 

We measured serum Ep levels by RIA in 36 hemodialysis patients.°° 
There was a wide scatter in serum Ep levels; although some patients had 
elevated serum EP, the level was inappropriately low for the degree of 
anemia in all of the patients. Using RIA, other investigators have also 
found serum Ep levels to be low relative to the degree of anemia in pa- 
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tients treated with hemodialysis.** The usual correlation between the de- 
gree of anemia and elevated levels of serum Ep, as would be expected if 
renal function were normal,!”? is not seen in patients with CRF.°° ®! 


Relationship of Serum Erythropoietin Levels and 
Hematocrit to the Level of Renal Excretory Function 


We evaluated the relationship of serum Ep levels measured by RIA to GFR 
and hematocrit in 48 patients 4 to 22 years of age with chronic renal 
disease of varying severity and of varying etiologies”’ to evaluate if serum 
Ep levels change with progressive renal failure. In these patients with 
chronic renal disease, significant anemia was noted only when GFR fell 
below 20 ml/min/1.73m*. Serum Ep levels, however, did not change with 
the decline in GFR despite the development of severe anemia (Fig 2). 
Serum Ep levels did not correlate with hematocrit (Fig 3) or with GFR. 
McGonigle et al. reported serum immunoreactive Ep levels in 60 patients 
with varying degrees of renal insufficiency.5* Serum Ep levels in patients 
with renal insufficiency (34.4 + 6.7 mU/ml) were slightly higher than in 
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FIG 2. : 
Relationship of serum Ep levels to the GFR in patients with chronic renal failure 
(dialysis patients are excluded). (From Chandra M, Clemons GK, McVicar M: Re- 
lation of serum erythropoietin levels to renal excretory function: Evidence for lower 
set point for erythropoietin production in chronic renal failure. Submitted for pub- 
lication. Used by permission.) 


372 / M. Chandra, M. McVicar, and G.K. Clemons 


55 | 
| 
@ 
50 | 
i° 
45 | 
SS ee oo Jo ANGER Ol OE 
@ 9 
, 40 e e@ ~p ®@ 
& @ 3 | e 
lu @ su 
Sat 8 fe . 
= @ ee @| . 
Q @ eo! e 
d | 
_ 30 at e 
o @ 
o oie 
O25 | e 
= | 
iW a ~ ie 
=< 90 ® @ | 
Seat Cees 
e 4° 
15 ® 


S 10 15 20 Zo 30 35 40 
ERYTHROPOIETIN. mU/ml 

FIG 3. 
Relationship of hematocrit to serum Ep levels in 48 patients with CRF. The broken 
lines represent the mean values of EP and hematocrit in normal controls. (From 
Chandra M, Clemons GK, McVicar M: Relation of serum erythropoietin levels to, 
renal excretory function: Evidence for lower set point for erythropoietin production 
in chronic renal failure. Submitted for publication. Used by permission.) 


normal controls (23.1 + 0.98 mU/ml), but showed no relationship to 
plasma creatinine, hematocrit, or inhibition of CFU-E formation in fetal 
mouse liver cultures. Hematocrit and plasma creatinine significantly corre- 
lated with the degree of serum inhibition of CFU-E formation.®” Radtke et 
al. measured serum Ep levels in 117 adults with renal failure.4? Serum Ep 
levels did not consistently decrease in parallel with the decrease in GFR. 
Patients with GFR of 0-9 ml/min had higher mean serum Ep level than 
patients with GFR of 10-19 ml/min.” 


Is Hematocrit-Tissue Oxygenation-Erythropoietin Feedback 
Mechanism Operative in Renal Failure? 


We quantitated serum Ep response to acute hypoxia in six children with 
GFR < 20 ml/min/1.73m* during spontaneous episodes of acute hypoxic 
stress.°' These clinical events included acute pulmonary edema, acute he- 
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molysis, congestive heart failure, and sepsis with hypotension. Figure 4 
shows the serum Ep levels of these six patients during the hypoxic episode 
(time 0), and either 24-48 hours or 2-4 weeks after such stress. Hema- 
tocrit was measured in the same blood sample as Ep. In three patients, 
serum Ep had been measured during the steady state stable condition 
prior to the onset of hypoxic stress. In patient 1, serum Ep levels were 
measured during two episodes of pulmonary edema. Serum Ep values 
were several times higher during the acute hypoxic stress as compared to 
serum Ep values during stable state prior to or after such stress (see Fig 
4). After the amelioration of the hypoxic stress, serum Ep values fell to 
levels that were inappropriately low for the degree of anemia in all 6 pa- 
tients. 

Our findings in patients are similar to those reported previously in 
sheep.°° Eschbach et al. showed that phlebotomy of uremic sheep resulted 
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Serum Ep response to acute hypoxic stress in six children with CRF. The numbers 
in parentheses represent the hematocrit value corresponding to the Ep concentra- 
tion. In patients 1 and 2 the Ep values (mean + SEM), that were obtained pre- 
hypoxia on four and five occasions (respectively) are also shown. (From Chandra 
M, Clemons GK, McVicar M: Relation of serum erythropoietin levels to renal ex- 
cretory function: Evidence for lower set point for erythropoietin production in 
chronic renal failure. Submitted for publication. Used by permission.) 
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in increase in serum Ep and increased erythropoiesis, while administration 
of blood transfusions to these uremic sheep resulted in a decrease in 
plasma iron turnover and increase in marrow transit time despite achieve- 
ment of a final hematocrit that was lower than in normal sheep.°° Walle et 
al. more recently showed a rise in serum Ep in hemodialysis patients in 
response to spontaneous hemorrhage and suppresion in serum Ep levels 
following blood transfusion.*" 


Why the Erythropoietin Deficiency in Renal Failure? 


Though Ep is produced mainly in the kidneys, extrarenal foci of Ep pro- 
duction also exist, the most notable of which is the liver.2° Ep deficiency 
is, however, seen in renal failure despite availability of the extrarenal site 
of Ep production. The possible mechanisms for the inappropriately low 
serum Ep levels in renal failure include: (1) decreased Ep production ca- 
pacity due to damage of the major Ep producing site, i.e., the kidney; (2) 
a decrease in the affinity of hemoglobin for oxygen”’ resulting in increased 
efficiency of oxygen delivery to tissues and consequently to decreased se- 
verity of tissue hypoxia relative to the degree of anemia; (3) unavailability 
of critical amino acids that are essential for Ep synthesis due to protein 
malnutrition or abnormal protein metabolism,’ 1!4 and (4) abnormally 
low set point for Ep production in relation to tissue oxygenation. 

The lack of correlation between serum Ep levels and GFR in nondialysis 
patients with variable degrees of renal insufficiency observed by Chandra 
et al. and McGonigle et al.°! °? suggests that decreased Ep production is 
not merely related to the loss of renal parenchyma. The observations that 
patients with renal failure are able to elevate serum Ep levels in response 
to acute hypoxia?’ 1"! indicate that lack of availability of critical amino 
acids for Ep synthesis or lack of Ep production capacity are not the major 
causative factors for Ep deficiency in renal failure: uremic patients manifest 
inappropriately low serum Ep levels during stable steady state despite the 
potential ability to increase Ep production with acute hypoxia.°? These ob- 
servations suggest that increased Ep production cannot be sustained in 
uremia or the tissue oxygenation—Ep feedback system operates at a lower 
set point of tissue oxygen delivery in uremics than in normal individuals. 
Sufficient observations indicate that a high rate of Ep production can be 
sustained in some uremic patients. Several hemodialysis patients have 
been reported who achieved and maintained normal or close to normal 
hematocrit in response to high Ep production from either diseased native 
kidneys,°> 11° rejected renal allograft,!?© 117 oy regenerating liver.”4 In ad- 
dition, we have reported high serum Ep levels in CAPD patients in stable 
state. 

The available evidence suggests that the hypoxia-Ep-hematocrit feed- 
back system functions at a lower set point of tissue oxygenation in patients 
with renal failure than in normal individuals. This may be due to either 
decreased sensitivity of the renal hypoxia sensor from renal parenchymal 
damage or the uremic biochemical milieu, or because of inherently higher 
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threshold for stimulating Ep production from extrarenal sites of Ep synthe- 
sis. 


Influence of the Mode of Dialysis on the Anemia of Renal 
Failure and Serum Erythropoietin Levels 


An improvement in ferrokinetic studies as well as hematocrit has been 
noted in patients with end stage renal disease after initiation of hemodi- 
alysis treatments. This improvement in hematocrit, however, is not associ- 
ated with elevation in serum Ep levels.°° The improvement in anemia may 
be related to an increase in hemoglobin-oxygen affinity due to removal of 
retained phosphates, correction of hyperparathyroidism, better nutrition, or 
to possible removal of inhibitors of erythropoiesis by hemodialysis. 

We evaluated the effect of initiation of CAPD on hematocrit in 35 pa- 
tients with end stage renal disease.°* The hematocrit values obtained 
monthly for 3 months prior to starting CAPD and the first 12 months on 
CAPD were used for analysis. Figure 5 illustrates the significant increase in 
hematocrit that was noted in CAPD patients within one month of starting 
CAPD (P < 0.01). The hematocrit values obtained at 3, 6, 9, and 12 
months after starting CAPD were all significantly higher than the pre- 
CAPD hematocrit (P < 0.01). In some patients, hematocrit did not change 
at all after starting CAPD while some patients increased their hematocrit 
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FIG 5. 

Relationship between hematocrit and duration of CAPD (mean + SEM). Numbers 
in parentheses represent the number of patients. (From Chandra M, Clemons GK, 
McVicar M, et al: Serum erythropoietin levels and hematocrit in end stage renal 
disease: Influence of the mode of dialysis. Submitted for publication. Used by per- 
mission. ) 
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by as much as 17% within 2 months. Three patients manifested a rise in 
hematocrit to values > 50 volume % at 3 weeks, 6 weeks, and 12 months 
of starting CAPD. Figure 6 illustrates the percentage of CAPD patients who 
“responded” with increase in hematocrit by at least 10 volume percent 
over the pre-CAPD hematocrit or to normal hematocrit (> 38% in females 
and < 42% in males). This response was evident within 1 month of start- 
ing CAPD in 11%, within 3 months in 40%, and within 9 months in all 
54% of patients who did so. A significant improvement in hematocrit in 
relation to start of CAPD treatment has also been reported by Depaepe et 
al.°4 The increase in hematocrit is predominantly due to an increase in red 
cell mass and to a lesser extent due to a reduction in the excess plasma 
volume.** Red cell survival is not found to be significantly altered with 
CAPD treatment.® 

We measured serum Ep levels by RIA in 70 patients on different dialysis 
treatments to evaluate the influence of the mode of dialysis on the serum 
Ep levels relative to the severity of anemia.** Thirty-five patients were on 
hemodialysis, 7 were on intermittent peritoneal dialysis, and 28 were on 
CAPD. A total of 172 serum Ep measurements were performed since 42 
of the 70 patients had from 2 to 8 blood samples drawn for Ep. Figure 7 
illustrates the serum Ep levels and hematocrit in these three groups of 
dialysis patients. Compared to hemodialysis patients, CAPD patients had 
higher serum Ep levels and hematocrit (P < 0.05). The Ep and hematocrit 
values of intermittent peritoneal dialysis patients were intermediate be- 
tween those of hemodialysis and CAPD groups. Our findings suggest that 
CAPD provides a biochemical milieu more condusive for Ep production 
than hemodialysis treatment and that the improvement in anemia in CAPD 
patients may be related to a greater availability of Ep. 

Serum Ep levels were found to be higher in six CAPD patients when 
measured in the first 4 weeks of initiation of CAPD (144 + 35 mU/ml) 
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FIG 6. 

Relationship between incidence of 
hematocrit response and duration on 
CAPD. (From Chandra M, Clemons 
GK, McVicar M, et al: Serum 
erythropoietin levels and hematocrit 
in end stage renal disease: Influence 
of the mode of dialysis. Submitted 
for publication. Used by permission.) 
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FIG 7. 

Hematocrit and serum Ep levels (mean + SEM) in patients on different modes of 
dialysis. The numbers in parentheses represent the number of Ep determinations 
and the upper numbers in the bars represent the numbers of patients. *P < 0.05 
for CAPD vs. HD group. (From Chandra M, Clemons GK, McVicar M, et al: Serum 
erythropoietin levels and hematocrit in end stage renal disease: Influence of the 
mode of dialysis. Submitted for publication. Used by permission.) 


(mean + SEM) as compared to values obtained in 24 patients later in the 
course of CAPD treatment (39 + 6.4 mU/ml).° A significant elevation in 
serum Ep levels after starting CAPD was noted in two patients who had 
serum Ep levels measured while on a different mode of dialysis earlier. We 
reported’’® a 21-year-old female with sickle thalassemia who manifested 
severe anemia in association with low serum Ep levels of 8.0 + 1.2 mU/ 
ml while on hemodialysis for 5 years (Fig 8). Serum Ep levels increased to 
80 and 177 mU/ml respectively 2 and 3 weeks after starting CAPD. The 
elevation in serum Ep levels was followed by a rise in reticulocyte count 
from 3.9% to 22% and in hematocrit from 19% to 48%. Every serum Ep 
determination obtained during CAPD treatment was higher than that ob- 
tained during hemodialysis treatment. The other patient was switched from 
intermittent peritoneal dialysis to CAPD treatment. His serum Ep levels 
ranged from 15-26 mU/ml while on IPD for 3 months. Serum Ep values 
increased to 212 mU/ml within 3 weeks of starting CAPD. This was fol- 
lowed by a rise in hematocrit from 30% to 35% six weeks after starting 
CAPD.° 

Increased serum Ep levels in CAPD as compared to hemodialysis pa- 
tients are most likely related to increased production, since Ep catabolism 
or clearance is not significantly influenced by the mode of dialysis. Liver, 
reticuloendothelial system, and erythopoietic tissues are the major sites of 
Ep catabolism.'’? Increased Ep production in CAPD compared to hemo- 
dialysis patients may be related to achievement of better clearance of 
uremic toxins!° that may inhibit Ep production by blunting the sensitivity 
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of the hypoxia sensor mechanism. Alternatively the improved state of pro- 
tein metabolism associated with CAPD’! or Ep production by dialysate- 
stimulated peritoneal macrophages may contribute to higher Ep levels. + 


Possible Role of Peritoneal Macrophages in Erythropoietin 
Production in CAPD Patients 


We observed serum Ep levels to be higher in the first 6 weeks of CAPD 
treatment than later in the course of CAPD treatment.*? The significant rise 
in hematocrit noted after starting CAPD treatment is often not sustained,°4 
suggesting that factors other than improved biochemical milieu contribute 
to increased Ep production in CAPD patients. Since peritoneal macro- 
phages have the potential to produce Ep,”° we evaluated the possibility 
that the repeated infusion of hypertonic and relatively acidic dialysate in 
the peritoneal cavity of CAPD patients may stimulate these cells to pro- 
duce Ep. 

Ep concentration was measured by RIA in the dialysis effluent of 13 
CAPD patients after an overnight 9-12 hour exchange. The Ep concentra- 
tion in the dialysate was 2.99 + 0.24 mU/ml with simultaneous serum Ep 
concentration of 26.6 + 4.2 mU/ml.°° The calculated Ep excretion rate in 
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the dialysate was 560 + 36 mU/hour of CAPD treatment. Since the vol- 
ume of distribution of Ep is reported to be equal to the plasma volume,!!9 
the total Ep body pool in these 13 adult CAPD patients calculated to be 
70,224 mU at any given time based on their mean hematocrit of 34%, 
mean serum Ep concentration of 26.6 mU/ml, estimated blood volume of 
4 L, and plasma volume of 2.64 L. We calculated the mean Ep excretion 
rate to be 13,440 mU/24 hours that would represent about 20% of the Ep 
pool of the body. Since Ep is a relatively large molecule (molecular weight 
34,400 daltons), its clearance from the blood in the peritoneal dialysate is 
expected to be low. The large excretion rate of Ep in the dialysate suggests 
that Ep may be produced in the peritoneal cavity by peritoneal macro- 
phages. Wideroe et al. showed an increase in the erythropoiesis-stimulat- 
ing activity in the peritoneal dialysis effluent of CAPD patients as early as 
2 days after starting CAPD.'*? We hypothesize that Ep produced by the 
peritoneal macrophages may get into the blood stream to a certain extent 
and contribute to the elevation of serum Ep levels in CAPD patients. In 
patients treated with intermittent peritoneal dialysis, however, because of 
the short dwell time and frequent peritoneal lavages, the Ep produced in 
the peritoneum may not enter the blood stream in significant quantities. 


Fluctuations in Serum Erythropoietin and Hematocrit Levels 
in Dialysis Patients 


We noted significant fluctuations in hematocrit and serum Ep values in 42 
dialysis patients, when 2 to 8 blood samples were obtained at different 
time intervals.°° The mean coefficient of variation for serum Ep values was 
56.9% for hemodialysis patients, 42.9% for patients on intermittent peri- 
toneal dialysis, and 108% for CAPD patients (Table 3). The fluctuation in 
Ep values was not due to methodologic problems, because in a normal 
human serum pool, the intraassay and interassay coefficient of variation 
for Ep values were 8.4% and 9.7% respectively. Our findings suggest that 
a single determination of Ep in dialysis patients may not accurately reflect 
the true erythropoietic status of the patient. 

Multiple factors may influence Ep production and its serum concentra- 
tion in dialysis patients. These factors include (1) plasma volume contrac- 
tion; (2) changes in hemoglobin-oxygen affinity due to fluctuations in acid 
base status and serum phosphate concentration!°; (3) status of protein 
malnutrition’®® 143. (4) serum levels of renin, angiotensin II and 
aldosterone® 174 125. (5) extent of hemolysis!° and (6) renal tissue con- 
centration of calcium and certain prostaglandins.** 17’ Since the biochem- 
ical environment of the body changes from day to day in dialysis patients, 
wide fluctuations in serum Ep levels can be expected. 


Relationship Between Serum Erythropoietin Levels and 
Hematocrit in Patients With Chronic Renal Failure 


We observed no correlation between serum Ep levels and hematocrit in 
patients with varying levels of renal function or in hemodialysis pa- 
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tients.°* °”? However, when data from patients treated with different modes 
of dialysis were combined (see Fig 8), a weak correlation between serum 
Ep and hematocrit was found (r = 0.36, P < 0.005). Other investigators 
have also reported a poor correlation between serum Ep concentration 
and hematocrit values in patients with renal failure.°* ®! This poor corre- 
lation between hematocrit and serum Ep may be related to the multifac- 
torial origin of the anemia of renal failure and to several factors that may 
affect Ep production without influencing hematocrit.2® 23-127 Moreover, 
Ep production at a site not governed by the hematocrit-tissue oxygenation- 
Ep feedback regulation (e.g., peritoneal macrophages) may contribute to 
the lack of correlation between hematocrit and Ep. 


Is the Bone Marrow Responsive to Endogenous 
Erythropoietin in Patients With Chronic Renal Failure? 


Several studies suggest that Ep is capable of stimulating erythropoiesis de- 
spite the uremic milieu. (1) Ep levels are lower in anephric patients than 
in nephric uremic patients.'°” Bilateral nephrectomies in a stable dialysis 
patient result in a decrease in erythropoiesis and a fall in hematocrit sug- 
gesting that the removal of the source of Ep resulted in further impairment 
in the low rate of erythropoiesis. !7° (2) Patients with hemolytic uremic syn- 
drome often manifest a high rate of erythropoiesis as evidenced by in- 
creased reticulocyte count despite the presence of renal failure and the 
need for acute dialysis treatment, and serum Ep levels have been found to 
be elevated by bioassay in these patients.© (3) Hemodialysis patients with 
polycystic kidney disease manifest higher erythropoiesis and higher serum 
Ep levels than patients with renal failure from other renal diseases.°° (4) 
CAPD patients manifest higher hematocrit in association with higher serum 
Ep levels than do hemodialysis patients.°* ‘18 (5) Several hemodialysis pa- 
tients have improved or normalized their hematocrit in association with 
increased serum Ep levels.2* 119-118 


Results of Response to Exogenous Erythropoietin 
Administration in Chronic Renal Failure 


Several investigators examined the response of uremic animals to Ep ad- 
ministration. In 1958, Naets showed that erythropoiesis was restored to 
near normal in eight nephric dogs by infusion of large amounts of Ep.}2? 
In two subsequent studies, the anemia of chronically uremic rats was cor- 
rected as well as that in nonuremic rats by daily administration of 
Ep.'8°: 13! Eschbach et al. infused Ep-rich sheep plasma into subtotally 
nephrectomized uremic sheep, some of whom were maintained on he- 
modialysis. '°* Identical erythropoietic responses were elicited by the same 
doses of Ep-rich plasma in both normal and uremic sheep. In other stud- 
ies, however, decreased responsiveness of the uremic subjects to exoge- 
nous Ep was observed. !*3: 1%4 

Ep replacement therapy had not been possible in the past because of 
difficulties involved in purifying large amounts of natural material. A break- 
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through in the research aiming toward Ep replacement treatment came in 
1986 with the availability of large quantities of pure human Ep derived 
from recombinant DNA. Two clinical trials of recombinant human Ep per- 
formed by Eschbach et al. in the USA?*° and Winearls et al. in UK!°° have 
fully confirmed our expectations!’ that Ep administration can totally cor- 
rect the anemia of renal failure. Ep was given to hemodialysis patients by 
intravenous injection three times a week. The response to Ep was found 
to be uniform, dose-dependent, and predictable at doses above 50 units/ 
kg/dose.'*° These trials showed that the putative uremic inhibitors of eryth- 
ropoiesis do not preclude an erythropoietic response. So far, no serious 
side effects from Ep administration have been reported, although increased 
incidence of hypertension and thrombosis of the vascular access site has 
been noted. Hypertension may be the result of increase in blood viscosity 
due to a rapid increase in the red blood cell mass as well as abolition of 
hypoxic peripheral vasodilation. A state of functional iron deficiency was 
noted in some patients secondary to inability of the reticuloendothelial sys- 
tem to release iron to transferrin in response to the high utilization rate of 
iron in hemoglobin synthesis. '3° 19° 


a 
Summary 


In summary, the anemia of CRF results from several interactive processes, 
chief among these inadequate Ep production relative to the degree of ane- 
mia. The anemia of renal failure can be regarded as an endocrine defi- 
ciency state, which is corrected by the specific replacement therapy. 

The advances of molecular biology have provided a biosynthetic Ep, a 
potent tool for correction and prevention of the anemia of renal failure. 
However, new problems often arise as new treatments become available. 
The rapid improvement in hematocrit and the resultant lowering in plasma 
volume may affect dialysis clearances in hemodialysis patients. Since the 
well-being and appetite of the patients improves as the hematocrit rises, !8° 
newer methods to increase the weekly dialysis clearances will be needed 
to prevent the complication of underdialysis in these patients. 
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Osteogenesis imperfecta (Ol) is a genetic disorder of connective tissue. Its 
most significant clinical feature is the susceptibility of affected individuals to 
bone fractures from very mild trauma. In addition to fractures, osseus fea- 
tures of the disorder may include relative macrocephaly, scoliosis, and 
bowing of the long bones. Although the “‘brittle bone” aspect of Ol is its 
halimark feature, Ol is a generalized disorder of connective tissue. Affected 
individuals may have nonosseous features such as blue sclerae, hearing 
loss, dentinogenesis imperfecta (DI), growth deficiency, cardiopulmonary 
abnormalities, easy bruising, excessive sweating, and loose or dislocated 
joints. 

Variability is a consistent feature of almost every aspect of OL. Indeed, it 
may be most productive to consider OI as a group of biochemically and 
Clinically related disorders. In the strict medical genetics sense of the term, 
i.e., qualitative and quantitative differences in phenotype among individu- 
als carrying the same mutant allele, “variability” in the phenotype of af- 
fected individuals is considerable even in the same family. There is also 
“heterogeneity” among affected individuals in that patients with essentially 
the same phenotype may have different molecular causes of their disorder. 
The inheritance of the disorder is variable as well; it may be autosomal 
dominant or autosomal recessive or may occur as a fresh mutation. 

As a result of the collective work of an international group of investiga- 
tors over the past decade, there has been a surge of new information on 
the molecular basis of OI. Many individuals with OI have been found to 
have a defect in their type I collagen genes or protein. The heterogeneity 
of the mutations that have been reported has prompted an analogy with 
the multiplicity of hemoglobin mutations in thalassemia. 

Some of the new molecular data have directly benefitted patients and 
their families, especially in terms of improved genetic counselling. Clinical 
management has also benefitted from the contributions of many specialties 
in some aspect of OI. Even for severe cases, management has moved 
beyond passive acceptance of symptoms and minimal treatment to active 
rehabilitation, and orthopedics supplemented by other subspecialties. 
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In my view, the ‘comprehensive’? management of a child with OI in- 
cludes a clinical-radiographic assessment of OI “‘type,” appropriate bio- 
chemical studies, genetic counselling for the family, prenatal diagnosis 
when possible, and early aggressive management of the clinical situation. 


a 


Historical Footnote 


Since bone is one of the most enduring records of human history, it should 
not be surprising that specimens resembling Ol-afflicted individuals are 
among ancient anthropologic records. The earliest case with good skeletal 
documentation is that of an Egyptian mummy! dating from about 1000 
B.C. The first comprehensive description in the medical literature was in 
Ekman’s doctoral thesis of 1788 on “osteomalacia congenita.”” The term 
osteogenesis imperfecta originated with Vrolik in 1849°; subsequent divi- 
sion of the disorder into “‘congenita’” and ‘“‘tarda” forms was proposed by 
Looser in 1906.* Van der Hoeve, in 1918, described the occurrence of 
fragile bones, blue sclerae, and early deafness as a distinct syndrome.° The 
terms congenita and tarda have fallen into disuse because they fail to ac- 
count for the variability of OI and its genetic heterogeneity.? 


a 


Clinical Classification 


In the “congenita” and “‘tarda’’ classifications, congenita cases were gen- 
erally more severe, since, by definition, the diagnosis could be made at 
birth. This group included the lethal form as well as the more severe sur- 
viving cases. There was no accounting for genetic patterns. Tarda cases 
were those recognized beyond the neonatal period and often overlapped 
with van der Hoeve syndrome. These cases were generally milder than 
congenita cases and could anticipate further improvement subsequent to 
puberty. Emphasis on the time the diagnosis was made failed to account 
for cases noted at birth in families with a relatively mild form of the disease 
and the considerable variation in the prognosis of congenita cases. Where 
was the physician to place families with significant bone disease but lacking 
in the blue sclerae and hearing loss of the van der Hoeve triad? How were 
families to be counselled as to the recurrence risk? 

The classification now in general use among geneticists was first pro- 
posed by Sillence in 1979° and has been subsequently expanded by him 
and others.’~"! This clinical, radiographic, and genetic classification divides 
OI into four types (Table 1). Although a sizable fraction of Ol patients do 
not fit into any of the Sillence OI types as precisely defined, its broad 
groups have provided a common groundwork for discussion and research. 
At the Third International Conference on Osteogenesis Imperfecta held in 
September, 1987, the consensus of the participants was to retain the Sill- 
ence classification while research continued to add a more molecular em- 
phasis to the nomenclature. 
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TABLE 1. 
Sillence Classification of Osteogenesis Imperfecta Syndromes 
Type Genetics Description 
I Autosomal dominant Mildest form of OI 
Mild-to-moderate bone fragility without 
deformity 


Associated with blue sclerae, early hearing 
loss, easy bruising 

May have mild to moderate short stature 

Type IA: Dentinogenesis Imperfecta Absent 

Type IB: Dentinogenesis Imperfecta Present 

II Autosomal dominant Perinatal lethal 
or recessive Extreme fragility connective tissue, multiple 

in utero fractures, usually interuterine 
growth retardation 

Soft, large cranium 

Micromelia, long bones crumped and 
bowed, ribs beaded 

Ill Autosomal recessive Progressive deforming phenotype 

Severe fragility of bones, usually have in 
utero fractures 

Severe osteoporosis 

Relative macrocephaly with triangular facies 

Fractures heal with deformity and bowing 

Associated with white sclerae and extreme 
short stature, scoliosis 

IV Autosomal dominant Skeletal fragility and osteoporosis more 

severe than type I 

Associated with bowing of long bones; light 
sclerae, + moderate short stature, 
+ moderate joint hyperextensibility 

Type IVA: Dentinogenesis Imperfecta Absent 

Type IVB: Dentinogenesis Imperfecta 
Present 





The severest form of OI in the Sillence classification is called type II (Fig 
1) and is, by definition, a lethal condition. Sillence described 16 cases in 
his original report® and an additional 32 cases in a subsequent 
subclassification” of the lethal form. Infants are often delivered premature- 
ly or are stillborn, and some are hydropic. Both weight and length are 
small for gestational age. Affected individuals have extremely poor miner- 
alization and development of the skeleton in utero. The skull is large for 
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FIG 1. 
Infants with type Il. A, 1.08 kg infant delivered at 32 weeks’ gestation who died in 
the delivery room. Note deformity of limbs and thorax. B, radiograph of infant 
shown in A. Note poorly ossified skull, small thorax, severe hydrops, short and 
crumpled long bones. C, 2-month-old infant who died at 7 months of age with 
pneumonia. Note severe pectus and deformed limbs. Birth weight was 2.6 kg. D, 
radiograph of leg of infant shown in C. Note long bones are osteoporotic, crumpled 
and poorly modelled. 
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body size and poorly mineralized. The so-called caput membranaceum has 
a memorable soft feeling on palpation and multiple wormian bones on 
radiographic examination. The triangular facies are rather flat with a small 
beaked nose. Scleral color is usually a dark blue-gray. The thorax is small 
and the ribs may feel similar to a rachitic rosary because of callus formation 
associated with healing in utero fractures. There is striking micromelia and 
bowing of the extremities; the legs are held abducted at right angles to the 
body in the ‘‘frog-leg’’ position. Radiographs may be utilized to divide the 
infants into two groups: one group with continuously beaded ribs and 
broad, crumpled long bones that are cylindrical in overall appearance and 
another group with gracile ribs and long bones deformed by fractures.® 
The type Il infants are extremely fragile; vaginal delivery may result in 
avulsion of body parts or intracranial hemorrhage. Death from pneumonia 
or respiratory insufficiency secondary to a small thorax is common in those 
infants surviving delivery. When delivery and neonatal care are optimized 
for survival, some infants with type II may survive for months to a few 
years. Pathologic examination of the bones of type II infants has shown 
normal growth plate cartilage but a marked reduction in collagen in sec- 
ondary trabeculae and cortical bone.!* Cortical bone is hypercellular with 
large osteocytes. Scanning electron microscopy’® of a type II case showed 
larger osteocytic lacunae than in control specimens. 

Type II was originally described as a recessive condition because of con- 
sanguinity in a number of the families in the original series and the appar- 
ent lack of a paternal age effect that might be expected for new dominant 
mutations. Biochemical data (discussed later) suggest that most type II 
cases represent new dominant mutations (see also section on genetic 
counselling) and the Sillence classification has been revised to reflect this 
information. 

Sillence type Ill (Fig 2) is by definition a severe recessive form of the 
disease.” This has also been called the “progressive deforming’ type. Phe- 
notypically, the presentation at birth overlaps with the milder end of the 
type II spectrum. Type III disease is compatible with a full life span. How- 
ever, type III children may die in infancy of respiratory problems; many 
others will die in childhood with pneumonia, cor pulmonale, or trauma 
such as skull fractures. For those infants who survive, there is a gradual 
deformity of the long bones and spine due to fractures and gravitational 
stress. Osseus fragility is so severe that often the trauma causing the frac- 
ture is too mild to be remembered. Facies are characteristically triangular, 
and the skull ‘iis relatively large for trunk size. The blue sclerae of infancy 
become progressively whiter with age. If DI is present, it is of the transpar- 
ent greyish variety. Growth deficiency is present in all cases and is gener- 
ally extreme. Children with severe OI are mentally normal, unless they 
have suffered significant birth trauma. Surviving patients may be severely 
‘ handicapped; they traditionally require multiple orthopedic rodding pro- 
cedures and wheelchairs for mobility. However, aggressive early interven- 
tion for rehabilitation and ambulation may change the prognosis for many 
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FIG 2. 

Children with type III. A, 7-year-old boy with triangular facies who is wheelchair 
bound and has the height of a 3-year-old. B, radiograph of femur showing char- 
acteristic narrowing of shaft and flaring of metaphyses with “popcorn” appearance 
of calcified matrix. C, 6-week-old infant with severe type III who died age 2 years 
after a skull fracture. Note large head and severely bowed limbs. D, radiograph of 
infant shown in C. Note beaded ribs and osteoporotic long bones. 
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of these children (see section on rehabilitation) at least in terms of self-care 
potential. Those patients with the most severe bone disease tend not to 
have associated connective tissue features such as hearing loss, easy bruis- 
ing, or floppy mitral valves. Some of the parents of these children have 
been noted to have mild connective tissue abnormalities, such as hearing 
loss or loose joints, but the significance of this finding is not clear. Radio- 
graphically, generalized osteoporosis, wormian bones, ‘‘codfish’’ vertebrae, 
and multiple deformities are seen. The long bones may be thin and twisted 
or cylindrical and crumpled. During the childhood years, a cystic “‘pop- 
corn’”’ appearance of the flared long bone metaphyses gradually develops. 

By the strict definition of Sillence, recessive inheritance, as implied (but 
not proven) by multiple affected siblings born to normal parents or con- 
sanguinity of the parents, is essential to the type III diagnosis.” This results 
in a relatively rare form that does not encompass all of the progressive 
deforming cases. Sillence reported five such families in one survey® and 
seven additional families in a later delineation of the phenotype.” Only one 
type III case has been well defined at the molecular level (discussed later) 
and its recessive inheritance confirmed. 

Most individuals with progressive deforming OI do not have affected 
relatives and the genetics of these cases is unclear. Since these cases are 
clinically, radiographically, and prognostically indistinguishable from those 
that are demonstrably recessive, geneticists in the United States tend to 
use this category broadly and refer to type IlI-like phenotypes. Until fur- 
ther molecular studies clarify the inheritance and heterogeneity of the phe- 
notype, it seems to this reviewer useful to keep the “progressive deform- 
ing’ phenotype in a single group, with designations for cases known to be 
recessive (R), dominant (very rarely) (D), or unknown (U). 

Types I and IV of Sillence (Fig 3) have in common milder bone disease 
than types II and III and dominant inheritance. The pedigree of an affected 
child usually reveals multiple family members affected with some features 
of the disorder. Both types I and IV are divided into A and B subtypes?! 
depending on whether DI (Fig 4) is present (subtype B) or absent (subtype 
A). DI tends to breed true in families with this symptom and may be an 
affected family member’s only symptom. A survey of 166 patients from 71 
families with type I by Paterson et al.'* confirmed that DI tends to breed 
true in pedigrees and demonstrated that individuals from pedigrees with 
DI have greater fracture rates and more growth impairment. 

Many type I families represent van der Hoeve syndrome. In addition to 
blue sclerae, type I individuals may also have presenile hearing loss (30% 
to 60%).!° Significant hearing loss is rarely present before the second dec- 
ade. It may progress rapidly and many patients require a hearing aid in 
their third or fourth decade. The hearing loss often represents the most 
significant long-term handicap of the disorder. Other connective tissue ab- 
normalities may be present in individuals with type I, including mild short 
stature, mitral valve prolapse, hyperextensibility of joints, easy bruising, 
and DI.'* The bone disease itself is the mildest in the Ol spectrum. Bones 
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FIG 3. 

Children with mild dominant Ol. A, 10-year-old from family with type I. Child has 
short stature but otherwise normal appearance. B, two children with dominant OI 
wearing braces for ambulation. The 3-year-old girl (left) is sporadic case. Note 
facial appearance and loose joints. The 4-year-old boy (right) has much more se- 
vere skeletal manifestations than his mild type I mother. Note macrocephaly. Both 
children have height of average 1-year-old. C, radiograph of spine of child shown 
in A. Note mild platyspondyly. D, radiograph of lower extremities of girl shown in 
B. Note proximal bowing femurs, thin cortices, and mildly flared metaphyses. 


may be mildly osteoporotic but are generally well modeled. The overall 
“look” of the skeletal system is quite normal. Fractures usually occur after 
the child begins to walk and are related to moderate trauma. The fractures 
usually heal without deformity and the fracture rate falls off dramatically 
after puberty. Women with the disorder appear to have a recurrence of 
fracture susceptibility after menopause. Expressivity varies among family 
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FIG 4. 
Teeth of patient with DI. Note that affected teeth are transparent and worn. 


members; individuals who have never fractured and have minimal abnor- 
mality of their connective tissue on clinical examination have been dem- 
onstrated to carry and transmit a defective allele. !° 

Type IV!” is distinct from type I, and cases may be distinguished by their 
osseus abnormalities (see Fig 3,B,D), which are more severe than those of 
type I, and their normal sclerae. Some cases of type IV are detected con- 
genitally because of bowing of the long bones or in utero fractures, and 
other cases are diagnosed when the child begins to ambulate. In child- 
hood, there is usually moderate bowing of long bones, even in children 
with infrequent fractures. The fracture rate decreases around puberty. The 
orthopedic aspect of type IV may represent a considerable challenge for 
ambulation and fracture control; this group may also benefit from agares- 
sive rehabilitation with surgical procedures as needed. Type IV is not as- 
sociated with presenile hearing loss. Many affected individuals have mod- 
erate short stature, and some have dysproportionate short stature. 
Radiographically, these individuals have moderate osteoporosis and mo- 
delling abnormalities of the long bones. Platyspondyly and mild scoliosis 
may be present. 

Many dominant pedigrees do not find an exact niche in the Sillence | 
and IV classifications. The families most frequently encountered have bone 
disease resembling type IV but have blue sclerae. The Sillence classifica- 
tion stresses scleral hue as a distinguishing feature between types I and IV. 
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In the context of the Sillence classification, ‘‘blue”’ refers to a hue that can 
be easily distinguished by an observer rather than to a subtle tint. It is not 
yet clear to what extent this emphasis on scleral hue will hold as a discrim- 
inating feature. In the United States, many geneticists with connective tis- 
sue expertise emphasise the severity of the bone disease and group these 
families as type IV_like OI. Molecular studies on type IV disease by Wen- 
strup et al.’® tend to support the grouping of dominant patients by severity 
of skeletal manifestation. Similar protein defects are found in patients with 
type IV-like OI and either light or blue sclerae. 





Incidence of OI 


The overall frequency for OI identifiable at birth is about 1 in 20,000 to 
30,000. The survey of Victoria, Australia, by Sillence® yielded a type II 
frequency of 1 in 62,000 births and a type III frequency of 1 in 68,000 
births; the 4-year survey of Edinburgh birth records showed a frequency 
of types detectable at birth of 1 in 20,000.19 

Sillence estimated the minimum frequency of type I in Victoria, Aus- 
tralia, as about 1 in 30,000.’ This does not include those dominant pedi- 
grees that do not fit the strict type I classification or, of course, pedigrees 
with very mild manifestations that have not come to medical attention; 
therefore, this should be considered a minimum estimate. 

In the experience of McKusick,2° OI vies with Marfan’s syndrome for 
highest incidence among the connective tissue disorders, although OI ap- 
pears to be a more heterogeneous syndrome. There is no preferential dis- 
tribution of OI by gender, race, or ethnic origin. 
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Molecular Developments in OI 


a 


In the last decade, great strides have been made in our understanding of 
the molecular basis of OI. Many individuals with OI have defects in their 
type I collagen protein. As is often true for information derived from the 
study of nature’s experiments, this research has added to our understand- 
ing of the normal function of type I collagen and the nature of recessive 
and dominant mutations. The structure and function of the type I collagen 
genes and protein provide a framework for the presentation of illustrative 
case studies. Several excellent reviews offering more detail are avail- 
able.@te24 

A distinction needs to be clearly drawn between the collagen-vascular 
disorders, which are primarily autoimmune disorders that impact on the 
connective tissue, and connective tissue disorders, in which the primary 
defect resides in a component of the connective tissue matrix. In human 
bone, skin, and tendon, the primary component of the matrix is type | 
collagen. One of the fibrillar collagens, type I collagen is a heterotrimer 
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composed of three protein chains that are twisted around each other in a 
long right-handed helix (Fig 5). Two of the protein chains in the helix, the 
al(I) chains, are identical and are the product of a gene on chromosome 
17.*° The other chain is called the a2(I) chain and is encoded by a gene 
on chromosome 7.2° The chains are each composed of about 1,000 
amino acids with the regular repeating sequence of gly-X-Y, where gly is 
glycine and X and Y are frequently proline and hydroxyproline, respec- 
tively. 

Much of the information on the structural-functional relationships in the 
type I collagen genes came from the work of the de Crombrugghe and 
Boedtker labs on chick fibrillar collagens.?” 78 Recently, Ramirez, Myers, 
and others*?*? have cloned most of the two human type I collagen genes 
and demonstrated conservation of structure. The type I collagen genes are 
composed of about 50 exons (coding regions) scattered over 18 kilobases 
(for a1(i)) and 38 kilobases (for a2(I)) of chromosomal material. Most of 
the exons consist of 54 or 108 base pairs. Each exon codes for an even 
multiple of the repeating gly-X-Y unit beginning with a gly codon and end- 
ing with a codon for the Y amino acid. This structure led researchers to 
postulate that the genes arose by duplication of a functional 54 base pair 
unit. Initial mRNA transcripts are spliced and processed as are those from 
other eukaryotic single copy genes; the final coding mRNAs in the cyto- 
plasm range in size from 5.5 to 7.2 kilobases.*+ 

The protein chains composing type I collagen are synthesized as procol- 
lagen forms, with globular extensions at both the amino and carboxyl! ends 
of the central helical portion (see Fig 5). The three chains composing the 
helix associate in the proper alignment and composition, as directed by 
sequences in the carboxyl-terminal extensions. From the carboxyl end, he- 
lix formation proceeds toward the amino terminal end (Fig 6,B). Simulta- 
neously, proline and lysine residues are hydroxylated by specific 
hydroxylases*” and the hydroxylysine positions are glycosylated by sugar 
transferases.°° These modifications occur only on chains that are in non- 
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FIG 5. 
The procollagen molecule and its processing to the mature form. 
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FIG 6. A B 
Overmodification of type I s colcol 
collagen characteristically seen aioe 
in type II. A, SDS gel of 
collagens from perinatal lethal 
OI case. S = protein 
standards; C = control. 













Arrows indicate the SLOWER 
overmodified form of the «1(I) | 
chain present in the OI media OK PROKPRE OK 


(lanes on left) and 
intracellularly (lanes on right). 
(Courtesy of Dr. D.K. 
Grange.) B, helix formation 
from carboxyl to amino ends 
and gradient of 
overmodification due to the 
point mutation. 
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helical configuration. Both interchain and intrachain disulfide cross-links 
form in the terminal extensions. 

Current evidence indicates that type I collagen is secreted from the cell 
in its pro form. In the extracellular space, specific N- and C-peptidases (see 
Fig 5) cleave the terminal extensions.** The mature helical molecules then 
self-aggregate into the well-known, quarter-staggered array. Lastly, the fi- 
brils are stabilized by intermolecular cross-links formed by oxidative deam- 
ination of lysine and hydroxylysine residues. The final structure owes its 
functional strength to precise chain alignment, a temperature-stable helix, 
proper modifications, and a final size that fits the fibrillar array. Mutations 
that interfere with these structural properties would be predicted to have 
substantial functional consequences. 

The collagen defects associated with Sillence type II have been studied 
most thorougly and have been found to be heterogeneous at the molecu- 
lar level. A small percent of the cases examined are characterized by a 
deletion of a portion of the gene. For example, the cell line CRL 1262 
from a lethal case has been shown to synthesize both normal length and 
shortened pro a1(I) chains.*° At the gene level, one allele contains a dele- 
tion of 643 bp of coding sequence; the end points of the deletion®® 37 are 
in introns so the coding sequences remain in register and produce a chain 
shortened by 84 amino acids (residues 328-411). The shortened chains 
still contain normal association sequences in the carboxyl-propeptide and 
participate in trimer formation. Other lethal cases of OI have been associ- 
ated with deletions in one allele of the «2(I) gene*® (Byers, personal com- 
munication) or an insertion in an al(I) allele (Byers, personal communi- 
cation). 

Point mutations in type I collagen alleles have also been associated with 
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perinatal lethal OI. Steinman and co-workers?? reported a case in which a 
point mutation from glycine to cysteine occurred at position no. 988 of the 
al(I) chain and was detected by the formation of reducible cystein dimers 

\ trimers containing two copies of the mutant chain. Bateman and co- 

orkers reported two point mutations in a1(I) detected as charge changes, 
« glycine to arginine change at position 3917 and a basic charge change 
in cyanogen bromide peptide 7.7! In each of these cases, the type I colla- 
gen chains are overmodified from the site of the mutation to the amino 
terminal end (see Fig 6,B). The mutations are thought to interfere with the 
rate of helix propagation and to allow time for more modification of the 
constituent chains than usually occurs. 

However, most cases of type II do not involve deletions or easily de- 
tectable point mutations. When the type I collagen from the fibroblasts of 
these patients is examined,*!~* the cells are found to synthesize both nor- 
mal procollagen chains and abnormal chains that migrate more slowly on 
gels (see Fig 6,A). The slow form has been shown to be due to overmod- 
ification of the collagen; fibroblasts from lethal cases do not synthesize ab- 
normally migrating chains when incubated with an inhibitor of proline hy- 
droxylation. When the cyanogen bromide fragments of the overmodified 
collagen of these patients were examined, a carboxy to amino terminal 
gradient of overmodification (see Fig 5,B) was noted, just as for the point 
mutations described earlier. This observation has prompted the proposal 
that these cases are also due to point mutations that impede the normal 
rate of helix propagation. 

The study of these mutations has provoked new awareness of the nature 
of dominant and recessive mutations. In diseases due to defects in crucial 
metabolic enzymes, the presence of one functional allele provides ade- 
quate enzymatically active product for a normal phenotype. The severe 
phenotype in enzymatic defects occurs when two defective alleles are pres- 
ent; it is recessive in inheritance. Defects in collagen alleles will have differ- 
ent consequences because the molecule is a multimer and because it plays 
a structural rather than an enzymatic role. For example, the random asso- 
ciation of half-normal and half-mutant «1(I) chains into type I collagen 
results in three fourths of the total product having at least one mutant 
chain. This amplification of the consequences of a single mutant allele has 
been termed protein suicide by Prockop.“ Trimers with mutant compo- 
nents form unstable helixes and are poorly secreted. The secreted trimers, 
normal plus abnormal, are inadequate to support the normal structural role 
of type I collagen; hence, these single allele mutations behave in a domi- 
nant, rather than a recessive, fashion. 

In all of the cases of type II with rearrangements or overmodification, 
the parental collagens do not demonstrate a similar abnormality. This sug- 
gests that these occur as spontaneous mutations. A number of couples 
with normal fibroblast collagens have had more than one affected child 
with overmodified collagen. It is not yet clear whether these cases repre- 
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sent compound mutations or parental gonadal mosaicism (see section on 
genetic counselling). 

The molecular abnormalities of type III have been defined in only one 
special case. Numerous other cases show no abnormality of type I collagen 
when the protein is examined, even at the cyanogen bromide peptide 
level. The type Ill case with an abnormality of type I collagen was the 
product of a consanguineous mating. Each partner carries the same mu- 
tant a2(I) allele with a four-base pair deletion in the carboxyl-terminal pep- 
tide.*° This deletion results in a frameshift mutation,” altering the protein 
sequences in the region of the chain crucial for interchain alignment in the 
type I helix. The child makes a2(I) chains intracellularly*’; however, he 
cannot incorporate them into type I helix, and the secreted collagen is an 
al1(I) trimer. 

It is tempting to speculate, based on this case, that there is a less severe 
clinical outcome (type III) from a mutation that is not secreted from the 
cell than from a deletion that is secreted. As a clinical-pathologic correla- 
tion, this is premature; however, the heterozygous parents are interesting. 
The carrier phenotype in this case is detectable clinically only as moderate 
early-onset osteoporosis. 

Type IV has been associated with several different types of mutations in 
the a2(I) chain. In one case,!® a deletion of ten amino acids from the 
middle of the triple helical region causes increased post-translational mod- 
ification in the amino half of some trimers, lowers their melting tempera- 
ture, and delays their secretion. In another type IV case,*® a deletion near 
the amino terminus of the «2(I) chain did not result in overmodified type 
I collagen or poor secretion; however, it is located near the amino-propep- 
tide, and the trimers into which it incorporates are resistant to cleavage by 
procollagen N-proteinase. Because the proper functioning of type I colla- 
gen requires that the mature molecules fit properly into a quarter-staggered 
array, one would expect abnormalities in collagen size to cause significant 
symptoms. Other type IV cases simply show overmodification (Fig 7), but 
not a detectable deletion. Thus, on an SDS gel, the collagens from these 
patients are difficult to distinguish from those of type II cases. Mutations in 
al(I) alleles as well as a2(I) alleles have been detected (Byers, personal 
communication). 

Studies of fibroblast collagen from patients with type I reveal a number 
of defects. The common feature of these cases is a decreased synthesis of 
structurally normal type I collagen. A pedigree studied by Rowe et al.*? 
had a 50% to 75% reduction in type I collagen production, with elevated 
ol (III)/o1 (I) and a1(I)/02(I) ratios. Barsh et al.°° demonstrated an intracel- 
lular a1(I)/a2(I) ratio of 1 instead of the normal ratio of 2. They suggested 
that one a1(I) allele was nonfunctional but could not determine whether 
this was at the transcriptional or translational level. Two groups!® 5! re- 
ported cases of type I in which the presence of a cysteine mutation in an 
al(I) chain has been detected. The family reported by de Vries and de 
Wet has a cysteine residue in the region of the chain containing amino 
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FIG 7. 

_ SDS gel of type I collagen chains of 

_ child with type IV (girl shown in Fig 3, 

B). Note that when the collagen chains 

of the child (arrows) are compared with 

_ controls (C) and her mother (M) and 

_ father (F), her chains migrate more 

_ slowly. A, intracellular collagens; B, 
cellular collagens. 
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acids 124 to 402. As a result of the mutation, triple helical molecules con- 
taining the mutant chain were overmodified, had a lower melting temper- 
ature, and were poorly secreted. The identity and location of the amino 
acid for which the cysteine substitutes are not yet known. The family re- 
ported by Nicholls and Pope*’ has a cysteine residue near the carboxyl- 
terminal end of one al1(I} chain. 

A complementary approach to the molecular study of OI is the use of 
restriction fragment length polymorphisms (RFLPs). These studies utilize 
variations in base sequences that are present in the entire population and 
that can be detected by restriction enzymes. RFLPs are used to trace the 
inheritance of various alleles of a gene through a dominant pedigree to 
determine if inheritance of an allele segregates with inheritance of the dis- 
ease phenotype. Several RFLPs are available for the «2(I) gene and their 
use has been widespread”, only recently have two RFLPs become avail- 
able for «1(I).°° 

In summary, dominant OI in many pedigrees has been tightly linked to 
the al(I) or a2(I) polymorphisms. Mild dominant forms of OI are thus 
heterogeneous in etiology although there is a strong association of type IV 
with a2(I). Unforuntately, RFLPs are useful only for the study of dominant 
forms of OI with multiple, affected individuals in several generations. The 
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availability of RFLPs for both genes coding for type I collagen will permit 
a more formal investigation of whether the dominant OI loci are limited to 
the type I collagen genes. 

The demonstration of abnormalities in the genes and proteins for type I 
collagen is, strictly speaking, presumptive evidence that those abnormali- 
ties are the primary defect in the disorder. For example, overmodification 
might have been a secondary effect of another mutation. It is formally 
difficult to prove that point mutations to cysteine are the cause of the dis- 
order and not a second unrelated change. One way to approach this mo- 
lecular dilemma is to synthetically induce mutations onto a normal genetic 
background and to observe the resulting phenotype. The MOV-13 mouse 
studied by Jaenisch and co-workers has provided such a system. In this 
strain the a1(I) gene has been inactivated by retrovirus insertion.°* MOV- 
13 heterozygotes contain 50% of the normal amount of type I collagen 
and may be considered to be a model for type I OI. Homozygosity for this 
mutation is a lethal condition; embryos die at 12 to 14 days of gestation 
of blood vessel rupture.°° Tissue culture cells from homozygotes synthesize 
a2(I) chains but they are rapidly degraded intracellularly because there is 
no al(I) to form a protective trimer. Stacey and co-workers demonstrated 
that they can “rescue” the a2(I) chains by vector-mediated transfer of the 
human pro al(I) collagen gene into MOV-13 cells®° and that functional 
mouse-human hybrid type I collagen results.°’ The ability to transduce a 
mutant pro al(I) gene into the heterozygote background should enable 
this group to define the functional effects of specific mutations. Preliminary 
experiments (Jaenisch, personal communication) have shown that the in- 
troduction of cysteine and arginine mutations at glycine 859 results in 
poorly secreted type | collagen with a carboxyl to amino gradient of over- 
modification in vitro and a dominant lethal phenotype in mice that clini- 
cally and biochemically resembles the perinatal lethal OI of humans. 

The exciting data from the MOV mouse system provide reassurance that 
the mutations detected to date in type I collagen are the primary mutatiéns 
in Ol. However, knowledge of the etiology of the disorder has not pro- 
vided an equal understanding of the pathogenesis of the disease and the 
relationship of particular mutations to disease severity. For example, both 
types II and IV are associated with mutations that result in overmodification 
of the type I collagen, yet they have widely different phenotypes. Even 
within the type Il cases, there is no direct relationship between the severity 
of the case and the extent of overmodification. The overmodification is 
likely to be a secondary effect of the mutation and is most useful as a 
biochemical marker. Likewise, point mutations to cysteine, which cause 
helix disruption, have been demonstrated in both type II and type 1,°° 
quite the opposite ends of the clinical spectrum. One possibility is that the 
determinant of clinical severity is the chain on which the mutation is lo- 
cated or the relative position on the chain, i.e., mutations in the carboxyl 
half of the mature helix may be associated with greater clinical severity 
than those in the amino end. Mutations in a certain region may result in a 
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particular phenotype because that region is crucial for interactions with 
other matrix proteins. Variability, even within a family, might result from 
differences in the noncollagen genetic background as well as from com- 
pound mutations for collagen. Continued investigation of the collagen 
genes in OI patients should add to understanding of this aspect of the 
pathogenesis. 

Furthermore, to understand the pathogenesis of the skeletal aspects of 
OI, we need to understand the way(s) in which the primary defect alters 
bone cell metabolism and bone matrix interactions. For example, several 
investigators°? ©° have reported the presence of type Ill collagen in bone 
from patients with lethal Ol. Specific antisera have localized the type Ill 
collagen to the compacta region of the bone. Normal bone contains only 
type I collagen except for the cells lining the marrow cavity. Also, osteo- 
blasts from a perinatal lethal case with overmodified type I collagen han- 
dled the production of PG1 abnormally (Grange, Robey, and Marini, un- 
published results), with a several-fold increase of PG1 and about a 60% 
decrease of PG2. Abnormalities in the intracellular metabolism of a major 
product of the cell (collagen) may be generally disruptive of matrix pro- 
duction and cause the phenotype of the disease secondarily. 

In many cases of Ol, especially type Ill, it has not been possible to find 
a defect in the patient’s collagen. Some of these cases may represent point 
mutations that are undetectable by current screening methods. In other 
cases, defects in matrix genes other than collagen may be responsible for 
the disorder. Evidence suggestive of this possibility comes from the work 
of Termine, Robey, and Fisher on Australian and Texan cattle that have a 
brittle bone disorder similar to the human type Ill.’ The bone proteins 
implicated in their studies are osteonectin, a bone glycoprotein with high 
affinity for both collagen and bone mineral, and bone proteoglycan. The 
bones of the Texan OI cattle have only 2% of the normal level of osteo- 
nectin and decreased bone proteoglycan. The bone cells from these ani- 
mals do make osteonectin and bone proteoglycan when grown in culture, 
but they do not become incorporated in the extracellular matrix. Whole 
bone from the Australian OI cattle has normal amounts of osteonectin and 
dramatically reduced levels of bone proteoglycan. Both products are made 
by the Australian bone cells in culture but only reduced amounts are in- 
corporated into matrix. Some human Ol patients with apparently normal 
collagen have reduced amounts of osteonectin in their bones. 


Genetic Counselling 


Genetic counselling is a complex process in which patients and families are 
given information as to diagnosis, the prognosis connected with the diag- 
nosis, the recurrence risk, the possibility of prenatal testing, and the avail- 
ability of support systems. 

For the parents of a child with the lethal form of Ol, the counselling for 
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recurrence risk generally conveys good news. As discussed earlier, most 
cases of perinatal lethal OI appear to be due to new mutations that behave 
in a dominant fashion. When appropriate collagen studies confirm that the 
child has a collagen abnormality that is not manifest in the parents, the 
recurrence risk to the parents is very low. Nonetheless, a small percent of 
such families (5% to 7%) do experience recurrences of the lethal form. 
There is currently no way to determine in advance which families are at 
higher risk for recurrence, although the type II-C subtype has been asso- 
ciated with affected siblings.® © In the families with two or more affected 
offspring, the cause may be parental gonadal mosaicism or a genetic com- 
pound. Prenatal monitoring, at least by ultrasound, is clearly warranted. 
The parents of a child with progressive deforming OI but no history of 
OI in the family are very difficult to counsel. The laboratory tests have a 
low yield in helping the counselor or family. It is our experience that some 
parents will have “‘soft’”” connective tissue abnormalities but no fracture 
history. The empirical recurrence risk to parents of an affected child is only 
a few percent but the statistics are distorted since couples will often refrain 
from having additional children after the birth of a severely affected child. 
It seems prudent, therefore, to counsel couples that the recurrence risk for 
them may be from 5% to 25%. The mean paternal age of type III cases 
was not found to be significantly increased over the general population. 
For those individuals with progressive deforming OI who seek counselling 
with an unaffected spouse concerning their risk of producing an affected 
child, the answer is more cautious. Here, it would seem most prudent to 
explain how the individual might carry a spontaneous mutation that would 
be passed to offspring in a dominant fashion (50% recurrence risk in each 
pregnancy). For example, we have seen two families illustrating this pat- 
tern (Fig 8). In family A, a severely affected father and his spouse with no 
ostensible connective tissue disease have two sons who greatly resemble 
each other in clinical severity but have much milder disease than their 
father. In family B, one parent has progressive deforming OI and had a 
sibling who died in infancy with severe Ol. The first child of this man and 
his clinically normal spouse has severe OI. Some paternal relatives are 
reported to have blue sclerae. Pending further molecular information on 
such a family, counselling for up to a 50% recurrence risk is warranted. 
Counselling for types I and IV would seem to be more straight-forward 
since the dominant inheritance is clearer. However, even in large pedi- 
grees, counselling is complicated by the variability of the disease and new 
molecular knowledge that even individuals with the mildest of symptoms 
can be carriers.'° For example, we have seen a family in which a woman 
with DI and her clinically normal spouse have two moderately severe off- 
spring. The disease does usually breed true, that is, an affected individual 
can expect the severity of symptoms to be within the severity range exhib- 
ited by his or her affected family members; however, occasional surpris- 
ingly severe cases (progressive deforming phenotype) appear in mild dom- 
inant pedigrees (see Fig 3,B). It is not clear whether these children 
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FIG 8. 

Cases of OI with unexpected inheritance. A, man with progressive deforming O] 
and his normal spouse have two sons, ages 4 and 7 years old, with type IV_like 
Ol. B, radiograph of 5-month-old child with severe Ol. Her father is affected with 
progressive deforming Ol and had a sibling who died from Ol in infancy. 


represent genetic compounds or the extreme range of that family’s vari- 
ability. Furthermore, an infant with perinatal lethal OI has been reported 
in a mild type I family. For dominant pedigrees with several generations 
of affected members, a study of collagen RFLPs may be useful in deter- 
mining which clinically ambiguous family members are in fact carriers. For 
sporadic type IV cases in which the proband has overmodified collagen 
and the parents do not, the empirical recurrence risk is generally low (3% 
to 5%). In summary, when counselling the parents of a child with clinical 
type I or IV disease, one needs to carefully examine the pedigree, the 
clinical status of the parents, and in some cases the molecular biology of 
the nuclear family. 


ee 


Prenatal Diagnosis 


Early prenatal diagnosis of Ol is useful because it permits couples to make 
a choice concerning the continuation or termination of the pregnancy. If 
the parents choose to continue an affected pregnancy, plans can then be 
made for delivery by elective cesarean section to optimize the infant’s 
chances of survival. The risks of normal vaginal delivery include evulsion 
of fragile body parts, intracranial hemorrhage, and fractures of thoracic 
cage and long bones. 


410 / J.C. Marini 


Prenatal diagnosis of type II can be achieved by ultrasound detection of 
deformed long bones with poor echogenic properties, as well as skull and 
thorax abnormalities. Numerous cases have been detected at 17 to 20 
weeks’ gestation.°-©? When a random screening ultrasound detects a fetus 
compatible with the diagnosis of severe Ol, the differential diagnosis in- 
cludes hypophosphatasia as well as other forms of dwarfism. Ultrasound 
detections of progressive deforming OI have been reported at 19 to 20 
weeks’ gestation.’ ’1 Occasionally an infant from a milder dominant ped- 
igree may be detected by demonstrating an in utero fracture. 

For dominant pedigrees that are informative for one of the type I colla- 
gen RFLPs, there is the possibility of prenatal diagnosis by Southern blot 
analysis of DNA extracted from chorionic villi.’” For the test to be useful, 
the DNA extracted from the white blood cells of both unaffected and af- 
fected individuals in several generations must be tested in advance. The 
statistical accuracy of the prediction varies from family to family, depending 
on the tightness of the linkage between the RFLP and the disease pheno- 
type. Sporadic cases and noninformative pedigrees cannot be offered this 
testing. 

More recently, several groups (Marini, Byers, and Cole, unpublished 
data) have been exploring the feasibility of prenatal diagnosis using cul- 
tured cells from chorionic villus sampling (CVS). Collagen studies using 
cultured cells from CVS show the same defect as do the cultured fibro- 
blasts from an affected fetus (Fig 9). While this is still a research test, de- 
fects involving overmodification seem to be detectable. The CVS would 
be done at 8 to 10 weeks’ gestation. Adding the time required for culturing 
cells and the actual collagen studies, the results could be available at about 
16 weeks’ gestation. Follow-up ultrasound should be performed on any 
pregnancy tested for OI by CVS. For a couple concerned about recurrence 
of type II, CVS offers an earlier diagnosis than ultrasound with a small risk 
of fetal loss. Testing via CVS probably has its greatest utility for moderately 
severe or mild cases where late detection by ultrasound might preclude‘a 
therapeutic abortion for parents desiring this option. In the future, CVS will 
probably be used to provide tissue for probes that detect the mutation 
directly at the DNA or RNA level. 


a 
Clinical Management 


There is at present no treatment or cure for Ol. Orthopedic treatment of 
fractures and skeletal deformity remains essential to clinical management. 
However, many severely affected OI children can achieve greater motor 
function with a program that includes aggressive physical medicine than 
with surgical procedures alone. Because of the multisystem involvement 
associated with OI, a multidisciplinary team is essential for complete clinical 
management. Even children with mild disease deserve periodic evaluation 
at a center offering multisystem evaluation. 
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FIG 9. 
SDS gel demonstrating detection of type I collagen 
abnormality in cultured chorionic villi from case 
shown in Fig 1. The skin and CVS of the infant are 
each compared with control cells (C) from the same 
tissues. Arrows show the detection of the 

~ overmodified chain in skin and CVS. 
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Review of Pharmacologic Therapies 


The two drugs whose effect on OI have been studied most thoroughly are 
calcitonin and fluoride. The logic behind the attempts at calcitonin therapy, 
pioneered by Castells et al.,’* 4 was that its direct inhibitory effect on 
osteoclastic resorption of both the mineral and the matrix phases of bone 
could be exploited to increase bone density. Treatment of two children 
with type I with porcine calcitonin was reported to be associated with 
changes in calcium, phosphorus, and hydroxyproline balance. Forty-eight 
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children were treated with salmon calcitonin for 1 to 2 years; a decreased 
fracture rate and increase in hand bone density were reported. However, 
(1) calcitonin has significant side effects on electrolyte balance; (2) rib bi- 
opsy specimens before and after 1 year of therapy fail to show any histo- 
logic changes’°; and (3) data on normal bone suggest that bone chroni- 
cally exposed to calcitonin adjusts to its inhibitory effect. 

Sodium fluoride is a component of the armamentarium used to treat 
postmenopausal osteoporosis, where its greatest effect has been demon- 
strated to be on the trabecular bone of vertebral bodies and hips.’° In the 
bone, fluoride substitutes itself isomorphically for hydroxyl ions and the 
resulting matrix composition is fluorohydroxyapatite. The therapeutic win- 
dow of fluoride is relatively narrow; high doses cause significant bone scle- 
rosis. Fluoride’s positive effect on trabecular bone has not been demon- 
strated for the cortical bone of the appendicular skeleton.’° Furthermore, 
the inhibitory effect of fluoride on osteoclasts might interfere with bone 
remodelling. There have been anecdotal reports of fluoride therapy in OI”” 
but no carefully controlled trials. Fluoride may have its best use in pre- 
venting the vertebral compression fractures common in adults with Ol. 

Agents that stimulate procollagen synthesis by osteoblasts, such as as- 
corbate or vitamin D, are logical candidates for clinical trials in those Ol 
patients who secrete reduced amounts of apparently normal collagen. The 
flavinoid Catergen has been shown to affect collagen structure by its effect 
on lysyl hydroxylase activity. In one report,’® the diameter of collagen fi- 
brils in bone from an affected adult was significantly improved by 6 
months of therapy. However, the long bones of his affected sons showed 
less response; neither the adult nor his children showed any change in 
vertebral bone density. 


a 
Rehabilitation Medicine 


The goal of rehabilitation medicine in Ol is the maximization of the age- 
appropriate activities and skills of the child; this goal includes standing or 
short-distance ambulation, even in most moderately severe cases. The 
goals and methods summarized here represent the philosophy of an on- 
going collaborative study between the National Institute of Child Health 
and Human Development, the NIH Clinical Center Department of Reha- 
bilitation Medicine, and Children’s Hospital National Medical Center 
(CHNMC), Washington, DC. Results of such an aggressive rehabilitation 
approach”? to children with moderately severe and progressively deform- 
y 

ing OI are encouraging, and a controlled study is planned. Its long-term 
effects on ambulation, osteoporosis, and disease morbidity are unknown. 
Many clinics treating severe Ol patients place less emphasis on ambulation 
as a goal. 

Many clinics also place little emphasis on physical therapy. However, a 
physical therapist trained in handling these children can be extremely help- 
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ful to child and parents, beginning in the neonatal period. Even severely 
involved infants should be positioned properly to prevent head and spinal 
deformities, improve their breathing, and minimize fractures. Swimming is 
the safest exercise for all ages (Fig 10,A) and can begin in the first few 
weeks of life in the bath tub. The buoyancy of the water permits active 
movement of the extremities and aids in the development of head and 
trunk control, as well as strengthening the muscles of the extremities. In- 
fants who are not expected to walk should be positioned in a custom- 
molded seat to align the head, spine, and pelvis optimally. Those who 
have potential for standing and walking should receive vigorous physical 





FIG 10. 

Rehabilitation of children with OI. A, 1-year-old infant with severe OI swimming 
with mother. B, 3-year-old child in standing frame. Note play table made by pa- 
tient’s family. C, 5-year-old boy walking with braces and walker. D, example of 
braces used for ambulation. 
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therapy to prevent hip flexion and abduction contractures and to 
strengthen their abdominal, pelvic girdle, and lower extremity muscles. 

Later, usually in the second or third year of life, these children are fitted 
for braces and unsupported walking is discouraged. Some children require 
surgery to decrease lower long bone deformity before standing is at- 
tempted. In the United States, Bleck®° pioneered the use of the contain- 
ment-type lightweight braces. The NIH-CHNMC program uses ultra-light- 
weight plastic clam-shell braces for ischial weight-bearing and, when 
appropriate, hinged joints (see Fig 10,D). A consistent home program of 
swimming and physical therapy is an essential component of the program. 
Approximately a dozen children who would otherwise have a poor prog- 
nosis for ambulation are active in these braces (see Fig 10,B and C) and 
interact more normally with their peers. Fractures do occur in the braces, 
but are often reduced in frequency from the child’s pretreatment fracture 
rate. Because of their short stature, many of these children would be 
household ambulators and use wheelchairs for distance mobility. Nonethe- 
less, having some degree of ambulation ability will make these individuals 
less handicapped and more independent adults. 


a 
Orthopedic Management 


Orthopedic care by a surgeon with experience in the treatment of Ol is a 
key component of management. If fractures are allowed to heal without 
any attempt at alignment or reduction, the child will lose considerable 
function. In general, a fracture should be managed with traction or casts 
as would a similar fracture in a normal child, except that the period of 
immobilization should be kept as short as possible to avoid worsening the 
osteoporosis. 

If fractures are especially frequent, a vicious cycle of fracturing, defor- 
mity, osteoporosis, and re-fracturing may occur. Even without fractures, 
the pull of strong lower extremity muscles on bones and the weight of the 
the trunk can cause considerable anterior bowing deformity. It is the pur- 
pose of various osteotomy procedures to correct bowing deformities and 
prevent bone fractures. The classic Sofield and Millar procedure of multiple 
osteotomies, realignment, and intramedullary rod fixation has been used 
in multiple patients,®’ usually for lower extremities. Since its introduction 
in 1963, this procedure has often been done with the Bailey-Dubow ex- 
tensible rod,®* which traverses the bone from end to end (Fig 11,B). Since 
it extends with bone growth, it avoids the problem of the bone overgrow- 
ing the rod. The time between rod changes (4.0 versus 2.5 years) is in- 
creased by use of these rods.°° However, it has no advantage in the pre- 
vention of fractures or the recovery of walking. Longitudinal migration of 
the ends of the rod is a not infrequent complication of extensible rods. 
Migration into a joint space necessitates rod removal. Unfortunately, there 
is a price to be paid for the stabilization provided by intramedullary rods. 
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FIG 11. 

Orthopedic appliances used in OI. 
A, plate and screws used to stabilize 
osteoporotic femur. B, Bailey- 
Dubow rods in lower long bones of 
boy shown in Figure 2,A. Note the 
shrinkage of the tibial shaft around 
the rod and the very thin cortex. 





Significant cortical atrophy, particularly in the diaphysis, occurs (see Fig 
11,B).** An alternative procedure for the correction of deformity and the 
prevention of fractures is the use of a plate and screws (see Fig 11,A). 
Anecdotal experience reports fewer fractures postsurically if a long plate 
is used to cover the entire bone. It is hoped that the amount of stress 
unloading and cortex shrinkage may be less than with intramedullary rods. 

For severely affected infants, Middleton®*: °° pioneered the use of man- 
ual osteoclasis and fixation by percutaneous intramedullary rods. Solid So- 
field rods are inserted under x-ray image intensification. In fragile, young 
infants, this procedure requires a relatively short operative time and avoids 
bone exposure. In the NIH-CHNMC collaborative effort, temporary per- 
cutaneous rods have been used to straighten lower extremities prior to 
bracing. 

The progressive scoliosis of severe OI does not respond to conservative 
management with Milwaukee bracing.®” °° Resultant deformities of the 
thorax adversely affect pulmonary function. In several series of patients 
treated by spinal fusion with Harrington instrumentation, the rate of com- 
plications is high®®: ®? but stabilization of the fused spine is generally good. 
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TT 
Neurologic Evaluation 


In cases of severe Ol, the neurologic examination may be abnormal due 
to bony compression of the cervical spinal cord. A constricted V-shaped 
foramen magnum causing upper cervical cord compression has been re- 
ported.”° Pozo and colleagues”! reviewed reported cases of basilar impres- 
sion in mild Ol. 

Tsipouras et al.“ reported the computed tomography (CT) scans of ten 
OI patients. Four type I patients, three with macrocephaly, had normal CT 
scans. The CT scans of six patients with type III were abnormal. Ventricu- 
lomegaly and sulcal prominence, interpreted as cortical atrophy, were 
found. We evaluated the neurologic examination and selected CT scans 
(Charnas, Marini, Hurko; manuscript in preparation) of 20 children with 
OI in the NIH bracing protocol. Ventriculomegal and sulcal prominence 
were common findings, even in children without absolute macrocephaly 
(Fig 12). Like Tsipouras et al., we feel that this is a characteristic Ol finding 
and does not indicate active hydrocephalus. However, we caution the 
interpretation of these CT scans as “‘atrophy.”’ 

Additionally, in severe OI cases we have seen odontoid hypoplasia and 
odontoid cervicomedullary compression in patients evaluated because of 
long tract signs. All our cases appeared to be stable for routine daily activ- 
ities. Precautions should be taken so that such children do not have neck 
hyperextension during intubation for anesthesia. 


I o2 


el 
Ocular Findings 


The most common ocular finding in OI is blue sclerae. The blueness, 
which is often blue-grey in hue, is often less intense near the limbus. There 
are numerous anecdoctal reports of scleral hue deepening around the time 
of a fracture.”° Blue sclerae are not limited to Ol patients; they are seen ‘in 
other disorders with primary or secondary connective tissue manifestations. 
Occasionally, persons without connective tissue symptoms present with 
markedly blue sclerae. 

It had been thought that the blue color resulted from transmission of the 
color of the choroid through thin sclerae.”° Lanting and co-workers” pre- 
sented evidence that the blueness may result from a decreased scattering 
coefficient rather than from thinness per se. Such intrinsic factors as water 
content, mucopolysaccharide content, or collagen fiber diameter and pack- 
ing could affect the scattering coefficient. The Chan et al. report®* on the 
histopathology of blue sclerae at autopsy notes marked reduction in colla- 
gen fiber diameter and packing in OI sclerae as well as relative thinness of 
the sclerae. 

Kaiser and co-workers showed that ocular rigidity, measured as dis- 
tensibility of the coats of the eye when the cornea is indented with a 
Schiotz tonometer, is significantly lower in OI patients than in normal con- 
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FIG 12. 

CT scans of OI children. A and D show the CT scans of the 10-month-old twins 
with severe OI shown in B. Note ventriculomegaly and sulcal prominence. C is a 
CT scan of the boy shown in Figure 3,B. Note prominent ventricular size. 


trols. There was a statistically significant correlation between decreasing 
ocular rigidity and increasing blueness of sclerae; low ocular rigidity was 
not related to a myopic refractive error. Furthermore, these data do not 
imply that blue sclerae have a decreased tensile strength or are more easily 
ruptured. 

Other ocular findings reported in OI are decreased central corneal thick- 
ness,”° keratoconus, and premature arcus senilis. 


a 


Hearing Impairment 


Hearing loss is present in a significant proportion of patients with type | 
(variously reported as 25% to 60%) and often represents their most signif- 
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icant handicap. Clinically significant hearing loss is usually not noted before 
the patient is in his or her 20s, although audiologic abnormalities are often 
present earlier. The proportion of affected individuals rises steadily into 
middle age, despite generally stable skeletal disease in these individuals. 
Pedersen’ surveyed 201 Danish OI patients and found 39% with a con- 
ductive or mixed hearing loss and 11% with a sensorineural loss. Tympan- 
ometry and acoustic reflexes were suggestive of stapedial fixation. Riedner 
et al.” studied 13 families with dominant Ol using impedence audiometry 
and found an increasing sensorineural component of the hearing loss with 
increasing age. The survey of Shapiro et al.,”” using otoadmittance, found 
a high proportion of sensorineural loss in a younger age group and consid- 
ered a mild high frequency loss to be characteristic of Ol. The audiologic 
examination of unaffected relatives of patients in this survey needs to be 
reappraised with genetic and biochemical correlates. 

Although the clinical otologic pictures of otosclerosis and OI are very 
similar, hearing loss in OI occurs earlier and has more severe middle ear 
involvement. Furthermore, the histologic pattern is distinct!°°!? with the 
OI stapes footplate displaying immature woven bone, a much greater area 
of resorptive surface, and fewer capillaries than with otosclerosis. 

Several surgical series'°° 1°31 suggest that stapedectomy can give sat- 
isfactory long-term results for Of patients with severe hearing loss. Intra- 
operatively, care must be taken to avoid fracturing the fragile stapes or 
creating a “floating foctplate.”’ This surgery should not be considered rou- 
tine in OI patients. When a hearing aid does not provide adequate ampli- 
fication, referral to a center with OI experience is recommended. 


a 


Dentinogenesis Imperfecta 


Dental abnormalities have long been recognized as part of OI. In DI (see 
Fig 4), the teeth may be greyish, bluish, or brown and opalescent. Al- 
though the teeth have normal enamel, they may also crumble and frac- 
ture. The primary dentition is generally more severely abnormal than the 
permanent dentition. The variability of dental findings in OI has been re- 
viewed. 1°18 DJ also occurs separately from OI. 

On scanning electron microscopy, there are fewer dentin tubules in teeth 
with DI than controls and the calcification fronts are composed of irregular, 
small nodules.!°? In normal dentin, immunohistochemical stains have 
shown virtual absence of type III collagen from intertubular dentin.!!° The 
role of altered type I/type III ratios in the pathogenesis of DI is unknown. 

Levin et al.'! reported the consistency of DI in pedigrees with dominant 
Ol. Within a given family, DI is present in all or none of the persons af- 
fected with OI. In families with OI and DI, DI may be the only symptom 
of an individual carrying the OI gene. On this basis, the dominant forms 
of OI have been subdivided into types with and without DL This division 
represents a presumptive molecular grouping of the gene defects in OL. 
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Other oral abnormalities reported in OI include pulp chamber occlusion 
and malocclusion.‘ !1! Three families with dominant OI without DI had 
multilocular radiolucent or radiopaque lesions of the maxilla and mandible, 
usually involving tooth-bearing areas.!!2 The youngest such case was 
noted at 8 years of age. 

Children with DI should be seen by their dentist at least twice yearly. 
Artificial crowns may be necessary to preserve tooth structure. With the 
advent of new dental restorative materials, coating of the teeth may be 
adequate to preserve tooth structure in milder cases. 


a 


Cardiovascular Manifestations 


Although mitral valve prolapse does not appear to be more prevalent 
among all individuals with OI than in the general population (5% to 7%), 
it does tend to be part of the syndrome in dominant pedigrees. Affected 
relatives of an affected individual with mitral valve prolapse should be ex- 
amined and prophylaxed appropriately. Aortic elastin was reported to be 
abnormal in a case of perinatal lethal OI.!!° Elastin fibers in the aorta were 
thicker and less homogeneous than controls, although skin elastin ap- 
peared normal. In a series!!* of adults with mild, dominant OI, one third 
had increased aortic wall stiffness (in contrast to the Marfan Syndrome 
where the aorta has decreased stiffness). Dilatation of the aortic ring and 
aortic regurgitation are also reported. ”° 

Many OI patients exhibit easy bruising. Hemostasis was studied in 58 
patients with mild, dominant OI.*!° One third of patients exhibited capillary 
fragility in the tourniquet test, while the bleeding time was normal in 90%. 


a 
Growth Deficiency 


Growth impairment is one of the more dramatic secondary effects of Ol, 
affecting virtually 100% of type Ill patients and 25% to 50% of types | 
and IV. No simple correlation exists between fracture frequency or location 
and growth failure. In an NICHD protocol (Marini et al., manuscript in 
preparation), 20 children underwent extensive testing of the growth hor- 
mone—somatomedin axis to determine whether hormonal deficits are as- 
sociated with growth failure in OI. Evaluation included growth hormone 
provocative tests, serial sampling of growth hormone over a 24-hour pe- 
riod to determine the unstimulated human growth hormone secretion, and 
somatomedin generation in response to growth hormone. Two patterns of 
hormone abnormality were found: (1) neurosecretory deficiency of growth 
hormone with normal provocative tests and somatomedin generation and 
(2) normal growth hormone secretion but low baseline somatomedin levels 
that fail to respond in a somatomedin generation test. The cause of this 
secondary feature of Ol is not clear. However, preliminary results of a pilot 


420 / J.C. Marini 


study in which OI children with neurosecretory deficiency of growth hor- 
mone were treated with clonidine or protropin were encouraging. 


a 
Summary and Future Prospects 


Defects in either of the type I collagen proteins have been demonstrated 
in some cases of OI. Using the Sillence classification and the results of 
molecular studies, genetic counselling is more accurate and often more 
optimistic about recurrence risks. Prenatal diagnosis, through ultrasound or 
CVS, is available for many cases. More aggressive management of severe 
OI cases, using a multidisciplinary approach, holds the prospect of greater 
general health and skeletal function. 

However, many aspects of OI await clarification. The most intriguing 
question is the relationship of specific mutations to the pathogenesis of the 
disease. Other areas of future molecular and clinical research include (1) 
whether collagen gene defects are present in all cases of Ol, (2) the basis 
for the dramatic variability in OI phenotype in some families and its rela- 
tionship to type I collagen and other bone matrix proteins, (3) the role of 
gonadal mosaicism and compound heterozygotes in connective tissue dis- 
ease, (4) improved prenatal diagnosis, and (5) the feasibility of modifying 
clinical features of OI such as osteoporosis and growth deficiency. The 
answers to these questions will not only enable us to assist patients with 
connective tissue disorders but will also enhance our understanding of the 
structural/functional biology of bone matrix. 
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———— a Ne IS A ST POT EET TI 


Measurement of blood flow from the heart (cardiac output) or to segments 
of the circulatory system (regional or organ flow) may be approached by 
a variety of methods. With the possible exception of vessel transection and 
blood collection in a graduated cylinder (Fig 1), each method relies on the 
application of physiologic principle to biologic systems. Attendant to that 
application are potential sources of error that, together with biologic vari- 
ability, make precise and reliable flow quantification problematic in some 
circumstances. Errors vary between methods and sites of measurement. 
Accordingly, the accuracy of measurements requires both a knowledge of 
basic principles and use of a technique appropriate to the clinical or ex- 
perimental circumstance. 

We review in detail measurement methods based on a number of gen- 
eral principles: conservation of matter (the Fick principle, dye dilution), 
radionuclide-labeled microsphere dispersion, and ultrasonic frequency 
shifts (Doppler). 

Section I covers the Fick principle, residue detection, and microsphere 
applications. 

Section II covers the indicator dilution method of flow measurement and 
its application to quantification of transit time, volume of distribution, and 
extravascular lung water. 
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FIG 1. 
Starling’s method of determining the blood volume of a frog. The simplest and 
most direct method of flow measurement. Note the spontaneous sympathetic 


blockage that occurs concomitantly with the extraction of blood. (Courtesy of 
David Clive, M.D., Yale University.) 


Section III reviews flow measurement by ultrasound methods. 
In each section, principles, application, and sources of error will be dis- 
cussed. 
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Blood Flow Measurement* 
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JULIEN I. E. HOFFMAN, M.D. 


a 


Fick Principle 


The Fick principle is based on the law of conservation of matter. With 
appropriate indicators the method can be used to measure cardiac output, 
flow to various organs, and even flow to small regions within organs. Many 
of the applications of the Fick method involve measurement of arterial and 
venous concentrations of the indicator although sometimes, by judicious 
choice of indicator, only one of these concentrations needs to be mea- 
sured. Other applications of the method measure the amount of indicator 
left in the tissue after its injection (residue detection); this technique is used 
either for measuring flows to small regions in the tissue or else for external 
measurement of a radioactive indicator in intact animals and humans. 


Constant Concentration Methods 


Consider an organ with a constant flow of blood at F ml/minute into its 
artery and out through its vein. Suppose, too, that there is a constant 
arteriovenous difference of an indicator, with arterial and venous concen- 
trations respectively Ca and C ¥ units/ml (0 indicates the mixed venous 
concentration for that organ); examples might be oxygen or lactic acid 
across various vascular beds. Because concentration (C) is quantity (Q) 
divided by volume (V), then Q = CV. Therefore, the quantity of indicator 
brought into the organ each minute (Qa) is Ca V, where V is the volume 
entering the organ each minute; because V = F ml/minute, then Qa 
= FCa, and similarly QV = FCv. Thus, each minute Qa units of indicator 
enter and Qv units of it leave the organ. Qv will be less than Qa if indicator 
is metabolized in tissue, excreted from it or stored in it; on the other hand, 
Qv will exceed Qa if indicator is made in tissue or diffuses into it from 
somewhere other than blood. To measure flow, an indicator is chosen so 
that only one of these factors causes an arteriovenous difference; the in- 
dicator can be endogenous, as is oxygen, or exogenous, as is indocyanine 
green or nitrous oxide. If we can measure the quantity of indicator that 
causes the difference between the quantities entering and leaving the sys- 
tem (Qx), then we can readily calculate flow: 


Qx = Qa — Qv = F(Ca — Cy) (1) 


*This work was supported in part by Program Project Grant HL25847. 
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so that 
fe ON 
~ Ca - Cv 
The best known example of this steady concentration Fick method is the 
conventional method of measuring cardiac output. Here Qx is the quantity 
of oxygen (VOz) used each minute by the body and also, in the steady 
state, taken into the body through the lungs. For pulmonary flow (Qp in 
L/minute), the relevant oxygen concentrations are in pulmonary veins 
(Cpv) and pulmonary arteries (Cpa), both in ml/L. For systemic flow (Qs 
in L/minute), the relevant oxygen concentrations are in aorta (Cao) and 
mixed venous blood (Cmv), also in ml/L. Therefore, 


F (2) 


oe VO> 
ir (Cpv — Cpa) Oz 
and 
OE eee 0 eee 
OS CAGE IED: 


Because normally Cpv = Cao and Cpa = Cmv, pulmonary and systemic 
flows are the same (Table 1, column A). 

This method can be used to measure flow to individual organs if there 
is an indicator that will allow an estimate of Qx. Thus, to measure splanch- 
nic blood flow, indocyanine green dye is infused intravenously at a known 
rate and serial samples are drawn from an artery and a hepatic vein to 
determine the concentrations of the dye in blood.” When the arterial con- 
centration of indocyanine green is constant, then the excretion of indocy- 
anine green by the liver just matches the quantity infused, which is there- 
fore Qx; with this value and the arteriovenous concentration difference of 
dye across the liver, the flow can be calculated. Similarly, renal blood flow 
can be measured by infusing at a steady rate an indicator, paraamino hip- 
puric acid (PAH), that is excreted by the kidneys. Once the arterial con- 
centration of PAH is constant, then renal flow can be calculated from the 
known amount of PAH infused each minute (Qx) and the arteriovenous 
difference of PAH concentrations across the kidney. In practice, the renal 
vein concentration of PAH is not usually measured because it is known to 
be about 5% of the arterial concentration; if PAH extraction is suspected 
to be other than 95%, then PAH concentration must be measured in the 
renal vein. 


Problems of the Constant Concentration Fick Method 
Circulatory Shunts 


If there is a left-to-right shunt, Cpv and Cao will be the same, but Cpa will 
be higher than Cmv (see Table 1, column B). Then Qp exceeds Qs so 
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that the left-to-right shunt (QIr) is the difference, 6 L/minute. If there is a 
right-to-left shunt (Qrl), then Cpa = Cmv but Cpv is greater than Cao. 
Therefore, Qs exceeds Qp, so that the right-to-left shunt is the difference, 
1 L/minute (see Table 1, column C). 

If there are both left-to-right and right-to-left shunts, the flows are best 
calculated by using the concept of effective pulmonary blood flow (Qep). 
This is defined as the quantity of systemic venous blood that is oxygenated 
in the lungs, and it is calculated from Qep = VOz/(Cpv — Cmv)Oo. (If 
there are no shunts, this is the same as either systemic or pulmonary flow.) 
If Qp is greater than Qep, then there is a left-to-right shunt of amount Qp 
— Qep. Similarly, if Qs exceeds Qep, then there must be a right-to-left 
shunt of amount Qs — Qep (see Table 1, column D). 

Although the principles of measuring these flows and shunts are straight- 
forward, there are many sources of error. First, the results are only as 
accurate as are the measurements of oxygen consumption and oxygen 
contents, so that there must be accurate methods as well as an experi- 
enced person making the measurements. Second, if there is a very high 
pulmonary blood flow, then the arteriovenous difference of oxygen across 
the lungs is small and slight errors in determining the oxygen contents can 
cause large errors in the estimate of pulmonary blood flow. For example, 
large left-to-right shunts may have saturations in pulmonary venous and 
pulmonary arterial blood of 95% and 90%, respectively. A 1% error in 
measuring saturation is quite low, but if this error is in opposite directions 
in the two blood samples, it could lead to a difference of oxygen saturation 
across the lung that, instead of 5%, is either 3% or 7%. If the oxygen 
carrying capacity of blood is 200 ml/L, then the arteriovenous differences 
of oxygen concentration across the lung should be 5% of 200 = 10 ml/L, 
but could vary because of error in determining saturation from 6 to 14 ml/ 
L. If VOz = 240 ml/min, then Qp should be 240/10 = 24 L/minute, but 
could vary from 240/6 = 40 L/minute to 240/14 = 17.1 L/minute. In 
general, when pulmonary flows are very high, it is not possible to be sure 
of the exact values; flows of 40 L/minute at one time and 25 L/minute 
later could not with certainty be taken to differ. 

There are major problems relating to how well the blood sample repre- 
sents the blood that is required. In transposition of the great arteries, for 
example, pulmonary blood flow is calculated from pulmonary venous and 
pulmonary arterial samples, but the latter do not include the bronchial 
arterial blood of low saturation that enters the distal pulmonary arterial 
branches; as a result, the true oxygen concentration of blood entering the 
alveoli to pick up oxygen is overestimated. Because of the small arterio- 
venous oxygen difference across the lung, even as little as 10% of bron- 
chial blood entering the pulmonary circulation can produce a 50% error 
in calculated pulmonary blood flow.” 

Obtaining well-mixed samples is difficult when there are shunts. Nor- 
mally the best mixed venous blood is obtained from the pulmonary arter- 
ies, preferably in the larger branches to avoid the error from diffusion of 
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oxygen from alveoli through the walls of the smaller arteries. When there 
is a patent ductus arteriosus, however, there can be differences between 
the saturations of blood in right and left pulmonary arteries, with an aver- 
age of 5% more in the left than the right pulmonary artery. Thus, it is best 
to calculate an average pulmonary arterial content using saturations from 
each artery, although because the relative flows in each artery are not 
known, a true weighted mean pulmonary arterial oxygen saturation cannot 
be obtained. It also is crucial to obtain the pulmonary arterial samples fairly 
far from the connection of the ductus arteriosus to the pulmonary artery 
or else what is measured is mainly undiluted arterial blood that Gives a 
gross overestimate of the pulmonary blood flow. This problem also pre- 
vents accurate measurement of pulmonary blood flow in newborn infants, 
especially if premature, because when there is a ductus arteriosus, it may 
not be possible to pass the catheter into the distal pulmonary arteries. 

If there is a ventricular septal defect, then the larger pulmonary arterial 
branches usually give a good estimate of mixed postshunt oxygen satura- 
tion, but there is some difficulty obtaining a mixed venous saturation. This 
cannot be derived from right ventricular blood because some oxygenated 
shunt blood will be included in the sample, and right atrial blood samples 
are not useful because many children with large ventricular septal defects 
have either tricuspid incompetence or else a left-to-right atrial shunt. 
Therefore, vena caval blood will have to be used, and because there are 
usually differences in saturation in the superior and inferior venae cavae, 
some average will have to be taken. This difficulty is worsened when there 
is a large left-to-right atrial shunt, both because right atrial blood cannot 
be used for a mixed venous value and because there often is regurgitation 
of right atrial blood into the cavae. Thus, sampling from the cavae near 
the right atrium may include some oxygenated shunt blood, and sampling 
blood in the cavae far from the heart tends to give values that reflect sat- 
urations in a local stream of blood and not a true mixed venous value. In 
fact, estimates of systemic flow in those with large atrial septal defects fre- 
quently are unreliable when calculated by this method. 


Unsteady States 


Basic assumptions in equations 1 and 2 are that flows and concentrations 
are constant. This leads to difficulties in measurements of splanchnic and 
renal blood flow because it may take 20 or 30 minutes of infusion time to 
obtain a steady arterial concentration of indicator. Once the measurement 
has been made, any change in flow caused by drugs or exercise will re- 
quire another fairly long time for equilibration to occur, so that it is not 
possible to obtain frequent estimates of blood flow; furthermore, the as- 
sumption of steady flow throughout the period of measurement is difficult 
to verify. This problem should be less serious for measurements of cardiac 
output because, as a rule, the samples are collected over 1 to 3 minutes. 
However, cardiac output can change rapidly with anxiety or movement, 
so that a true steady state may be difficult to obtain. Furthermore, pulmo- 
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nary and aortic blood flows are not steady, but change during the cardiac 
and respiratory cycles, as do venous oxygen concentrations. The changes 
in the cardiac cycle probably do not introduce inaccuracies, but the varia- 
tions in pulmonary flow with respiration, especially during exercise, need 
to be considered further.* The error introduced by flow variations is due 
to the fact that the blood samples are usually drawn at a steady rate and 
so give a time-averaged sample, whereas what is needed is a volume- 
averaged sample. The magnitude of this error clearly will depend on the 
actual flows and durations of inspiration and expiration concerned; the 
error probably is not large at rest, but could be large on exercise. Visscher 
and Johnson” point out that errors up to 50% could occur if there were 
marked phasic changes of flow and concentrations. If either of these is 
constant, then changes in the other cause no error. 

If cardiac output is measured during exercise, about 2 minutes of steady 
exercise are needed to achieve a relatively steady state. 


a 
Inert Gas Methods for Cardiac Output 





Carbon Dioxide 


One of the major disadvantages of the Fick method for measuring cardiac 
output is that it requires inserting catheters and needles into the subject. 
Therefore, many attempts have been made to measure cardiac output by 
less invasive techniques, particularly with various gas methods. One ap- 
proach that has been tried is to use carbon dioxide rather than oxygen as 
the indicator. Because carbon dioxide can be measured readily in collected 
expired air to give Qx, and because arterial carbon dioxide concentration 
can be equated with end tidal gas measurements, all that remains is to 
estimate pulmonary arterial (mixed venous) carbon dioxide concentration 
and then the Fick calculation can be done. One way of making this esti- 
mate is to have the subject rebreathe from a bag containing carbon dioxide 
at approximately the expected mixed venous concentration. As the subject 
breathes in and out, inspired and expired carbon dioxide concentrations 
are monitored. When carbon dioxide concentration does not change dur- 
ing inspiration and expiration, then the concentration must be the same as 
that in the blood entering the pulmonary capillaries and can be used in the 
Fick equation. A simple and reliable method for determining mixed venous 
carbon dioxide concentrations has been reported.° Unfortunately, this ap- 
pealing method has many problems.’ The difference in tensions and con- 
centrations of carbon dioxide between pulmonary artery and pulmonary 
veins is small, so that error in estimating those values will produce a large 
error in the estimated flows. In addition, the transient increase in carbon 
dioxide concentration causes difficulties related both to the solubility of 
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carbon dioxide in lung tissue and to the changes of hemoglobulin binding 
to carbon dioxide. 

Godfrey and his colleagues® recently have revived the carbon dioxide 
method for measuring cardiac output in children during exercise and have 
obtained good correlations between outputs measured by this method and 
by an indicator dilution method. There are two advantages of the method: 
(1) it will not be affected by regions with low ventilation-perfusion ratios in 
which alveolar and arterial carbon dioxide tensions will be in equilibrium 
and (2) the accuracy of the method improves with exercise because the 
arteriovenous difference for carbon dioxide increases at each level of ex- 
ercise. The method can be used in children over 5 or 6 years old. 


ee ee SET) PR TUES MENON i POEs) moO, 
Nitrous Oxide 


It is possible to use foreign gases that dissolve in the blood perfusing the 
alveoli. Acetylene once was used for this purpose, and some of the earliest 
data on cardiac output came from its use; it recently has been reintro- 
duced.” However, nitrous oxide, introduced by Krogh and reintroduced 
by Lee and DuBois in 1955,1° is used more often. If (NO) in the alveoli 
has a fractional concentration of f,, then it has a partial pressure of f, (Pb 
— 47) torr, where Pb is the barometric pressure and 47 is the correction 
for water vapor at 37 C. Because of its solubility in blood and its rapid 
diffusion across the capillary membranes, nitrous oxide will have the same 
partial pressure in the alveoli and the pulmonary capillary blood; thus, the 
quantity dissolved per ml of blood will be 


(Pb — 47) = 
760 

where X is the solubility coefficient of nitrous oxide in ml per ml blood at 

760 mm Hg. If the flow through the pulmonary capillaries is Qc(ml/min- 


ute), then the amount of nitrous oxide removed per minute by the blood 
is 


Afa l 


(PO 4/) 5 


Masiara genni 


so that flow can be calculated as 





be = WNO 
(Pb — 47) 
here 


Here the denominator is equivalent to Ca in equation 2; CV is zero prior 
to recirculation. Lee and DuBois’® introduced a method for instantaneous 
pulmonary capillary flow measurement in which the subject sat in a body 


(3) 
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plethysmograph, breathed in a low concentration of nitrous oxide, held 
the breath for 10 to 15 seconds with an open glottis, and then breathed 
out. The value fg was measured in expired gas by an infrared analyzer, 
and the volume of nitrous oxide removed (VN,O ml) was determined by 
the change of pressure within the plethysmograph. Wasserman and 
Comroe™ eliminated the plethysmograph by measuring the volume of ni- 
trous oxide removed from a sensitive Krogh spirometer. Bosman et al.!* 
retained the plethysmograph, but allowed its pressure to be maintained by 
inflow of air so that the record of air inflow into the plethysmograph was 
the same as that of nitrous oxide uptake by the lungs. All these methods 
allow measurement of phasic as well as mean nitrous oxide uptake; there- 
fore, variations in pulmonary capillary flow throughout the cardiac cycle 
can be measured. The various assumptions and complexities of this basi- 
cally simple method are well discussed in the review by Butler.’ 

The drawbacks to these methods are that breath-holding may be difficult 
for small children or sick people, breath-holding itself may alter the circu- 
lation, studies must be done at rest, results are inaccurate if there is much 
uneven distribution of ventilation, the flow measured is only to ventilated 
alveoli, and measurements must be made before recirculation occurs so 
that they cannot be made when there are large left-to-right shunts. Beck- 
lake et al.’ introduced a variant of the method to allow nitrous oxide 
uptake to be measured during exercise. Ayotte et al.!* further modified the 
method by having the patient rebreathe from a bag containing nitrous ox- 
ide as well as nonabsorbable inert gases. The nonabsorbed gases were 
used to measure lung volume, and the amount of nitrous oxide taken up 
was calculated from the integrated difference between the initial and final 
nitrous oxide concentrations in the total volume of bag and lung. Both of 
these methods allow measurements to be made during exercise, the breath 
is not held, and uneven distribution of ventilation has much less effect on 
the accuracy of the results. However, the other problems remain. : 


Methods With Varying Vascular Concentrations 


Basic Kety-Schmidt Method 


If the concentrations of indicator in arterial and venous blood change with 
time, then equation 2 may be modified. In any small time interval (dt) the 
amount of indicator accumulating in tissue, for example is dQx and in this 
time interval flow is calculated as 


(4) 


This can be rearranged to give 


dQx/dt = F (Ca — Co) (5) 
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or 
dQx = Fdt (Ca — Cv) (6) 


Therefore, over a period of u minutes, we can integrate both sides of 
equation 6 to give 


Qx(u) = F [ (Ca — Cv)dt because F is constant, 


which can be rearranged to give 


[ (Ca — Cv)dt 


where Qx(u) is the quantity of indicator accumulating in u minutes and 
u 


(Ca — Cv)dt is the integrated arteriovenous difference over that period. 
oO 


Note that this method still requires flow to be constant. 

It is necessary to use this form of the Fick equation for organs like the 
brain or the heart because indicators of the type used for kidney or 
splanchnic bed are not available and thus there is no way of measuring 
Qx except to remove the organ. One way around the difficulty is to use 
inert indicators that are taken up by tissues so that sooner or later con- 
centrations of indicator in blood and tissues achieve equilibrium. At equi- 
librium, the concentrations of indicator in blood or tissue are not neces- 
sarily the same; the ratio of these two concentrations is termed the 
tissue-blood partition coefficient (Ay) and is determined empirically. For 
example, for nitrous oxide and antipyrine the partition coefficient is 
about 1, whereas for xenon it is about 0.72. What this means is that at 
equilibrium the concentrations of nitrous oxide or antipyrine are similar 
in blood and tissue, but xenon concentration in tissues is 72% of that in 
blood.’® 7° 

To measure coronary (or cerebral) blood flow with nitrous oxide, the 
patient or animal breathes a low concentration of nitrous oxide, and serial 
samples of arterial and coronary sinus (or jugular vein) blood are taken 
over 10 to 15 minutes.’” The plot of these concentrations against time is 


u 


in Figure 2. The area between the two curves is [ (Ca — Cv)dt, the de- 


nominator of equation 7. The numerator cannot be obtained in absolute 
terms; therefore, another approach must be used. Consider a volume of 
tissue Vx and divide it into both sides of equation. Then 

UE Dayar Ox(uy/Vrea: be Cx(u) (8) 
ee [ (Ca — Co)dt [ (Ca — Cou)dt 


° O° 
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artery 





FIG 2. 

Example of arterial and coronary 
sinus nitrous oxide saturation curves 
for measuring coronary blood flow. 
Circles indicate when samples were 
taken. (From McGregor M: 
Significance of myocardial flow 
measurement in the evaluation of 
the coronary patient, in Maseri A 
(ed): Myocardial Blood Flow in Man: 
Methods and Significance in 
Coronary Disease. Torino, Minerva 
Medica, 1972, pp 287-296. Used O 4 8 
by permission. ) Minutes 


coronary sinus 


Nitrous oxide concentration 
(ml/100 ml blood) 
Mm 


Now at equilibrium Cx and Cv are related by Cx = dy Cv, so that at 
equilibrium the equation becomes 


Fan beeuu 
Vi [ (Ca — Co)dt 


° 


(9) 


Therefore, knowing \jp, CV at equilibrium, and the area between the ar- 
terial and coronary sinus (or jugular vein) curves, we can calculate the 
coronary (or cerebral) blood flow per. unit volume of tissue. If blood con- 
centrations of nitrous oxide are measured in ml/100 ml, then we obtain 
flow per 100 ml of tissue—either left ventricle or cerebrum. Because tissue 
specific gravity is about 1.06, flow per 100 gm of tissue will be the above 
measured flow divided by 1.06. 

The nitrous oxide technique is done most often by allowing the patient 
or animal to breathe low concentrations of nitrous oxide for 10 to 20 min- 
utes so that tissue-blood equilibrium is reached. Then the nitrous oxide 
breathing mixture is removed, and arterial and coronary sinus (or jugular 
vein) blood is sampled at intervals for 10 to 15 minutes as nitrous oxide is 
washed out. The use of desaturation rather than saturation methods allows 
more stability (because mouthpieces are not needed for the former), 
avoids error due to leakage at the mouthpiece, and allows measurement 
of small terminal arteriovenous differences to be made when each is small 
rather than when each is big. '® 

Even with this method there are major problems. First, it is essential to 
ensure that the venous sample is not contaminated with blood from some 
other region; thus, coronary sinus blood must be free of right atrial con- 
tamination, and jugular vein blood must not be mixed with extracerebral 
venous blood. Second, there is error due to inhomogeneous flows. If some 
regions of the myocardium have much reduced flows, then it will take 
much longer to saturate or desaturate them than regions with higher flows. 
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This is a source of considerable error, and Klocke and Wittenberg’? and 
Klocke et al.?° have pointed out that it may be impossible to achieve a 
uniform concentration of nitrous oxide in heterogeneously perfused re- 
gions while arterial concentrations are still changing. This difficulty applies 
equally to saturation and desaturation curves. For example, during wash- 
out, regions with low flows retain nitrous oxide longer than do others with 
normal flows, and there will be a very long tail to the coronary sinus 
curves, so that either the sampling is completed before all the heart is 
cleared of nitrous oxide or else the very low terminal levels cannot be 
measured with accuracy. As a result, because the value for the integrated 
arteriovenous difference tends to be too small, flow will be overestimated: 
errors of as much as 100% can occur.2” 7! These problems are not abol- 
ished by using other indicators, although some, such as argon and helium, 
may be easier to measure in very low concentrations”” 7“; the difficulties 
due to regional variation in perfusion remain. Finally, even if the flow 
could be measured accurately, it is doubtful whether there is useful physi- 
ologic information to be gained by measuring an average flow to an organ 
in which there are large regional differences. The problem for the heart 
has been highlighted by Hoffman and Buckberg.”? 





Residue Detection 


The inert gas method requires the insertion of catheters into arteries and 
veins and also requires removal of blood and often laborious analysis of 
the quantities of gas in the blood samples. To overcome some of these 
difficulties, radioactive xenon was introduced as a technique for measuring 
coronary blood flow.”“ Its use can be understood by returning to equation 5: 
— = F(Ca — Cv) (5) 
dt 
Now if an inert gas, for example xenon, is injected into the coronary artery, 
it is distributed to the tissues, equilibrates with them, and then is washed 
out by the incoming xenon-free arterial blood. Therefore, Ca is zero and 
the equation becomes 


idtia Mape pata ee ee 
dQx/dt = —FCV = x Ux because CV = 5h (10) 

This is a first order differential equation that has as its solution 
Qx(u) = Qx(o)e™™ (11) 


Here Qx(u) and Qx(o) are the quantities of indicator at times u and zero, 
respectively, and the rate constant k = F/AVx, so that F = kAVx. If the 
myocardial specific gravity is 1.06, then Vx = Wx/1.06 where Wx is the 
weight of tissue being examined. Therefore, F = k\Wx/1.06. Because Wx 
normally is not known, it is set at 100 gm, and thus flow/minute/100 gm 
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is measured from 100 x kd/1.06. The rate constant k is determined from 
the exponential decay of the xenon washout curve; if this is plotted on 
semilogarithmic paper, then k is log,2/t ¥2 (or 0.693/t ¥2), where t % is 
the time taken for the count rate to fall to one half of its peak value. 

Even though the xenon must be injected into the coronary artery via a 
catheter, the washout curve can be obtained directly from a counter and 
ratemeter over the chest. Unfortunately, the washout curve is markedly 
affected by regional variations of perfusion because if there is not a single 
exponential washout, a true rate constant cannot be obtained.” 7° If there 
are two compartments, one with high and one with low flow, then in 
theory, the washout curve can be broken down into two slopes so that the 
volume and flow rate of each compartment can be determined. However, 
even normal hearts appear not to yield monoexponential slopes regu- 
larly,”°”” and a careful study of xenon washout curves in isolated, per- 
fused dog hearts with known flows has revealed unexpectedly large errors 
with use of either one or two compartment analyses. Second, there may 
well be more than two compartments, especially in diseased hearts. Third, 
in order to define the presence of two or more slopes, it is necessary to 
record to very low count rates that may be impossible to separate from 
background radiation. The error that comes from ignoring a compartment 
with a slow flow may be large; in general, the false assumption of a mono- 
exponential washout tends to give too low a calculated flow, but this is not 
always true nor is the error constant (Fig 3).?’ Finally, xenon has high 
solubility in fat and so tends to accumulate in poorly perfused cardiac fatty 
tissue from which it may later recirculate.?® 

One way of reducing these errors is to record by multiple collimators the 
washouts in numerous portions of the heart.2° 3! This reduces the heter- 
ogeneity that may occur in adjacent regions, but does not guarantee mon- 
oexponential flows, both because there can be much variability in the 
small regions under a single counter**“* and because in disease there is 
often reduced subendocardial flow. Analyses of coronary flow by washout 
curves is therefore of unknown accuracy, especially in those disease states 
where it might be most wanted. 

The technique of residue detection most often is done with radioactive 
indicators; thus, external counting may be used in intact animals. How- 
ever, residue detection can be done after injection of radioactive xenon 
into the myocardium at the time of surgery*? or by measuring hydrogen 
washout with platinum electrodes inserted into the myocardium after the 
myocardium has been saturated with hydrogen taken in by the lungs.°© 37 
These methods do allow measurement at a single point so that inhomo- 
geneity is not a problem, but they are naturally restricted in application, 
do not give integrated values for the whole heart, and can cause local 
damage that alters flows. 

Recently,®""Kr has been introduced to overcome some of the problems 
inherent in inert gas techniques, in particular the need for a long steady 
state.** §!™Krypton is a radioactive gas with a half-life of 13 seconds; it can 
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be eluted continuously from an ®'Rb generator, dissolved in 5% dextrose 
saline, and infused at a constant rate into the aortic root. After the infusion 
is started, the concentration of the indicator in heart muscle will rise to a 
steady level that is well below the arterial concentration because some 
radioactivity is lost while the nuclide is travelling to the heart.2? Any in- 
crease in blood flow to a region is followed rapidly by an increased radio- 
activity of the tissue, and a decrease in blood flow is followed rapidly by a 
decrease in local radioactivity. 

It is possible to calculate flow per unit volume by modifying the Fick 
equation to take account of the radioactive decay of the ®!™Kr.°* 3? The 
method is given in the appendix. 


a 
Flow to Very Small Regions 





Inert Diffusible Indicators 


With the exception of the multiple collimator method, none of the other 
techniques mentioned so far can measure flows to small regions within 
organs because it is difficult or impossible to isolate local venous drainages. 
This difficulty may be overcome by giving inert, diffusible, flow-limited in- 
dicators like xenon, argon, hydrogen, tritiated water, or antipyrine. These 
substances have all been shown to be flow limited but not diffusion limited: 
that is, they diffuse so rapidly into tissues that by the time blood has 
reached the venous end of the capillary, the concentrations of indicator in 
tissue and blood are in equilibrium. Therefore, if there is no diffusion bar- 
rier (and no arteriovenous shunting), the venous concentration can be es- 
timated from the tissue concentration at any moment. After infusing the 
indicator for u seconds, the organ can be removed rapidly and cut into 
pieces that are analyzed for their indicator concentrations. Flow then’ is 
calculated in one of several ways. 

If the indicator is infused so that there is a steady arterial concentration, 
the indicator passes from blood to tissue until the concentrations have 
equilibrated. Because tissue volume usually is much greater than blood 
volume, the tissues act as a sink to take up indicator. Therefore, the con- 
centration of indicator in tissue and venous blood is very low at first. As 
more indicator reaches the tissue, it again equilibrates in tissue and blood. 
The quantity of indicator in the tissue rises, but its concentration in the 
tissue and venous blood remains low so that a lot of indicator enters in the 
first few seconds but very little leaves. Therefore, as a first approximation, 
the amount of indicator in a piece of tissue is proportional to the flow to 
that piece, which is Qx/Ca. A piece of tissue having twice the flow of an- 
other piece will have twice the amount of indicator. 

To be more accurate, consider what determines the diffusion of the in- 
dicator from blood to tissue. The amount moving from blood to tissue per 
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unit time depends on the area of the diffusing surface, the diffusivity of 
that indicator, and on the concentration gradient of indicator between tis- 
sue and blood. As tissue concentration rises the gradient from tissue to 
blood and hence the rate of indicator transfer fall, and the relationship is 
exponential. To see how to use this to measure regional flows, return to 
equation 5 and divide both sides by Vx to get: 
dQx 2 dCx a4 (Ca a Cv;)F (16) 
Vxdt dt Vx 
Here Cv; is used in place of Cv because it refers to concentration in a 
small local vein, not to a mixed venous concentration. The corresponding 
tissue concentration is Cx;. Now because 


Cx; = ACv; 
then, 
dCx; — (Ca — Cx/A)F _ (ACa — Cx;)F a 
aia lS SCOR x Us = k(ACa — Cx) (17) 
because 
k= "F/XVx 


This equation may be integrated and solved for Cx at any time u for any 
of the three usual experimental conditions (see appendix). 

These methods for measuring flow to small regions can eliminate the 
problems due to regional variations in flow, but still have errors. The par- 
tition coefficient of the indicators may vary with hematocrit and must be 
known, and there can be errors due to the amount of indicator in the 
arterial blood of the region at the time of analysis.*! Furthermore, at low 
flows, diffusional shunting of indicator from small arteries to their accom- 
panying veins may occur. Nevertheless, these methods provide what is 
probably the best estimate of regional flows that can be obtained today. 

A variation on this method recently has been introduced.*” When des- 
methylimipramine is infused, it is tightly bound to tissues; almost all of it is 
cleared in a single circulation through an organ. Therefore, the amount of 
this agent in a piece of tissue is proportional to the flow to that piece of 
tissue. The agent can be linked to a radioactive tracer so that it can easily 
be quantitated. The organ or organs of interest are removed after the in- 
fusion and cut up into pieces; if the specific activity of the desmethylimi- 
pramine in blood and the cardiac output are known, then the regional 
flows can be calculated. 


Diffusible Cationic Indicators 


Sapirstein*? “* observed that for 30 to 90 seconds after infusing“K or 
®6Rb into rats, the relative distribution of these isotopes remained constant 
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in all organs except the brain, which they enter poorly. Subsequently, 
2°1'T! was introduced so that it could be detected by scanning the heart 
with an external gamma camera. The three cations enter the large potas- 
sium sink in the cells, and for 90 seconds very little recirculates. Thus, the 
proportion of isotope in a region is similar to the population of the cardiac 
output that goes to that region. 

This technique, the first to give information about relative flows to dif- 
ferent parts of the heart, has many problems. To avoid redistribution of 
isotope from diffusion or recirculation, the animal must be killed and the 
organs removed within 90 seconds of the injection of the isotope. This 
means that serial measurements of blood flow are limited to a maximum 
of three measurements at about 30-second intervals. Second, the extrac- 
tion ratio of these cations varies with flow, being reduced at higher flows. 
In addition, the three cations are not taken up by passive diffusion, but 
enter cells by active uptake; as a result, ischemia alters the kinetics of iso- 
tope accumulation in the damaged region.*” *° These isotopes therefore 
are not used for accurate quantitation, although 7"!TI still is in common 
use clinically to image ischemic regions in which little of the isotope is 
taken up. 


a 
Positron Emission Tomography 


An extension of the inert gas method that is capable of determining re- 
gional flow/volume ratios is obtained when positron emitting isotopes are 
used. Examples of such emitters are 1'C, °O, °*Rb, and 1°N. Sometimes 
the nuclides are incorporated into an appropriate molecule that can be 
used to study metabolism. The heart is then scanned by an array of detec- 
tors that can register coincidence counts, and computerized tomographic 
techniques are used to localize the regions counted. These techniques 
have a resolution of 1 to 2 sq cm that is independent of depth, can correct 
for photon attenuation, and with corrections for image size can estimate 
local concentrations of indicator accurately.*” 

The indicator can be injected intravenously, into the left atrium, or even 
the coronary artery. If judiciously chosen, it accumulates in heart muscle 
in proportion to local flow rates and decreases rapidly in the circulation, 
thus minimizing recirculation; 7N-ammonia fulfills some of these require- 
ments.” To convert relative flows into absolute flows, the arterial admit- 
tance function is determined by sampling arterial blood®° or by counting a 
sample volume in the left ventricular cavity. Positron emission tomography 
is invasive and has relatively poor time resolution, and the available indi- 
cators are not ideal. Nevertheless, it is one of the few methods that can 
measure flows to different regions within the heart, so that gross inhomo- 
geneities of flow do not produce the inaccuracies that bedevil other clear- 
ance methods. 

Recently, the group at Hammersmith Hospital in London has exploited 
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the use of C'°O, for measuring myocardial and cerebral flood flow.3 °°? 
*°O-labeled carbon dioxide is inhaled continuously. In the lung, there is a 
rapid transfer of °O to lung water, thus achieving a continuous arterial 
infusion of Hz'°O. Then the heart is imaged by a suitable positron emis- 
sion tomograph, making use of equation 15 to calculate regional flows. 
With a t ¥2 of 123 seconds, this method yields good steady state measures 
of flow, but requires expensive equipment and a cyclotron on site. 


EE ee 
Computerized Tomographic Angiography, 
Videodensitometry 


If angiographic contrast medium is injected into an artery, a concentration- 
time curve can be determined at two sites on the artery. From these 
curves, the mean transit time between the sites can be determined, and 
the product of this and the measured cross sectional area of the artery 
estimates flow. Initially concentrations were determined by videodensito- 
metry.°* °* However, the introduction of computerized tomographic sys- 
tems with scan times of 35 to 50 msec” will allow these density measure- 
ments to be made over coronary arteries or in different myocardial regions. 
Relative myocardial flows might well be measurable by these methods. 


a 
Radioactive Microsphere Methods 


These are indicators that do not recirculate because they lodge in the cap- 
illary beds. The microspheres are made of polymerized plastic. The nu- 
clide, which can be one of many varieties, is incorporated in the substance 
of the microsphere and does not leach out. These microspheres are vir- 
tually indestructible, and it is possible to give nine or more different sets of 
microspheres, each labeled with a different nuclide, and separate out their 
individual contributions later.°° The measurement is made by injecting a 
known number of microspheres into the left atrium; the number is deter- 
mined from their radioactivity and the known counts per microsphere. The 
microspheres mix well with the blood and then are distributed to each 
organ and to regions within organs in proportion to their blood flow during 
the time that the microspheres are being distributed.°’ To measure abso- 
lute flows, an arterial reference sample is drawn from any artery at a fixed 
rate. As far as the microspheres are concerned, the flow of blood from 
artery to the collecting vial is just like the flow into any other organ; thus, 
the vial receives a number of microspheres proportionate to its blood 
flow.°® If the flow in the vial is Fr ml/minute and the number of counts in 
the vial is Cr/minute, then the flow to any piece of tissue (Ft) is calculated 
from the counts of nuclide in the tissue (Ct) as Ft = FrxCt/Cr. Similarly, 
cardiac output (CO) may be calculated as CO = FrxCi/Cr, where Ci is the 
total number of injected counts (Archie et al, 1973).°? It also is possible to 
determine cardiac output repeatedly by injecting known amounts of radio- 
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active microspheres intravenously and withdrawing samples from the pul- 
monary artery.°° In effect, this is like a continuous infusion in which flow 
is determined by dividing the amount injected by the concentration at 
equilibrium. The method has been validated in many studies. Cardiac out- 
put can be measured without bias and with a standard deviation of about 
10%,°? as can flow to numerous organs. To obtain this accuracy, certain 
requirements must be observed. It is best to inject the microspheres into 
the left atrium rather than the left ventricle to obtain adequate mixing. 
Then, a sufficient number of microspheres must be injected to ensure that 
at least 400 are present in any piece of tissue of interest and in the arterial 
reference sample. For example, if the left ventricle is the region of interest, 
then it should contain at least 400 microspheres, and if the posterior pap- 
illary muscle of the left ventricle is having its flow measured, then it should 
also have at least 400 microspheres. The method thus begins to break 
down if very tiny pieces of tissue are being examined (for example, por- 
tions of rat pituitary gland) because so many microspheres must be given 
to achieve accuracy that physiologic obstruction to flow could be pro- 
duced. On the other hand, injection of 1 to 2 million microspheres into a 
25-kg dog does not change the circulation and gives enough microspheres 
to measure flows to most regions with good accuracy. Note that it is num- 
ber of spheres as well as numbers of counts that is needed for accu- 
racy.°» © 

The size of the microspheres also is important. Cardiac output can be 
measured with microspheres of any size from 9 to 100 ym diameter, but 
this may not be true of regional flows. In the heart, in which the problem 
has been investigated most intensively, the larger the microsphere, the 
more likely it is to move to the subendocardial muscle and to overestimate 
its flow.*" 4 The probable reason for this is that, as the arteries pass 
into the deeper muscle, branching as they go, the larger microspheres that 
are more centrally placed in the vessels do not enter the lateral branches 
in proportion to their flows. Smaller microspheres from 9 to 15 ym in 
diameter probably do estimate regional flow in the heart within 10% of its 
true value in any layer or region. However, the smaller the microspheres, 
the greater the possibility that they will pass through the vascular bed being 
studied. In most organs, even 15-~m diameter spheres do not Pass 
through in significant numbers,°” © °© but this matter must be tested in 
each species, organ, and physiologic circumstance being studied. The 
method is reviewed in detail by Heymann et al.°’ and Hoffman et al. 

Radioactive microspheres presently are the best way of measuring re- 
gional flows. Up to nine flows can be measured per animal, and with im- 
proved techniques, a dozen or more different nuclides could be used in 
each animal. There is no need to hurry to remove the organs to make the 
measurements that can be made in conscious animals. On the other hand, 
the animals must be killed and the organs removed; accordingly, for cer- 
tain types of experiments and in humans, the method is not suitable. How- 
ever, labeled albumin microspheres have been injected in humans to in- 
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dicate blood flow to various regions of the heart, although, because of 
the geometric problems of detecting radioactivity from outside the body, 
the accuracy of the flow measurements is not known. Furthermore, the 
method as used in humans is at present unable to distinguish between 
subepicardial and subendocardial flows, and these may differ in any one 
region. 

In humans, radionuclide-labeled albumin macroaggregates have been 
used to examine the distribution of blood flow to each lung after intrave- 
nous injection. Because the macroaggregates are trapped in the lung, their 
distribution to each lung and regions within the lungs indicates relative 
blood flows.’°-”? This method has been used to study various lung dis- 
eases, including pulmonary embolism, and also has indicated relative per- 
fusion of each lung in congenital heart diseases with or without surgical 
shunts.’ The method has been used recently in children with cyanotic 
congenital heart diseases to measure relative blood flows to lungs and 
body, because the macroaggregates that pass through the right to left 
shunt and so are not trapped in the lungs are trapped in the systemic 
vascular beds. ’* 


<< 
Appendix 


81mKr Method for Measuring Flow Per Unit Volume 


At equilibrium, the quantity of isotope entering the tissue and leaving it per 
unit time is in balance. The quantity entering is FCa; the quantity leaving 
the tissue is the sum of the isotope that leaves in the blood (FCV) plus the 
quantity that decays per unit time, and this is the product of the decay 
constant Ag and the quantity of isotope in the tissue Qt. Therefore, at equi- 
librium, 


FCa = FCU + AgQt (12). 
However, because Qt = Ct - Vt and Cv = Ctr, 
FCa= FCt/Ayy at; Na aC i VE (13) 


The partition coefficient (dy) for °!"Kr is 1, so that equation 13 simplifies 
to 


FCa = FCt + AgCt - Vt (14) 
which can be rearranged to give 
1 ase _ AdCt he hide A ies tn (15) 
Viplia(Cac Co.30(Ca/Ct)o= 


Because \g is a known physical constant of 3.2/minute, and Ca and Ct 
can be measured, F/Vt can be calculated. 
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This method gives the quickest response times of any of the inert gas 
techniques, but suffers from inability to localize differences of flows at dif- 
ferent depths in the collimator field. 





Equations for Inert, Diffusible Indicators 
The basic equation is 
dCx; 


maa k (ACa — Cx,) (17) 
If Ca is constant, then 
Cx(a)L = XCalinn en es) (18) 
If Ca is zero, then 
Cx(u) = Cx(O)e~™ (19) 


and if Ca is variable but is zero at time zero, then 
Cx(u) = Ake [ Cae"dt (20) 


The form of the equation when Ca is zero is that used for the typical xenon 
washout. Equation 20 is the one most often encountered in practice, but 
it requires computer assistance for its solution.*? 7° Once k has been cal- 
culated, flow per unit volume or mass can be calculated. 
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a 


As described in detail with the discussion of the Fick principle (in the pre- 
vious chapter), when a mass of an indicator is added at a constant rate to 
a stream of blood, a steady state is reached and the flow rate of blood can 
be determined from the constant inflow and outflow concentrations of the 
indicator and the rate it is added.!~3 On the other hand when the indicator 
is injected as a bolus steady state concentrations are not attained, but the 
blood flow can be calculated from the amount of indicator added and the 
concentrations of indicator leaving the system. This is the principle of in- 
dicator or dye dilution and it provides an extremely useful technique for 
measuring blood flow to regions of the circulation as well as the entire 
cardiac output. Moreover, it has particular clinical application for measure- 
ment of cardiac output when: (1) oxygen consumption cannot be readily 
measured (e.g., when inspired oxygen concentration is high,* the patient 
is mechanically ventilated,” and expired gas cannot be collected), (2) 
there are cardiovascular shunts and no appropriate mixing site for sam- 
pling, and (3) bedside computation of flow is desired. We will review 
the general principles and sources of error and then consider the two 
most commonly used indicators for clinical application. Finally, for the 
interested reader we have included in an appendix some variations of 
the general approach which provide the basis for measuring other as- 
pects of circulatory function. 

Let us consider a fluid flowing through a tube at a constant rate. When 
a quantity of indicator is added as a bolus, the concentration of the indi- 
cator in the fluid is transiently changed, i.e., it increases abruptly and grad- 
ually decreases. If the indicator concentration is sampled far enough down- 
stream from the site of the injection to permit complete mixing, the flow 
rate can be calculated from a mass balance of the indicator entering and 
leaving the system. 

Before describing the method and assumptions for calculating flow rate 
in vivo, first consider a more simple system. As shown in Figure 4, the 
fluid to which the indicator is added passes through a hose and is collected 
in a bucket for a time sufficient to recover all the indicator. Since all of the 
indicator mixes with the volume collected in that period of time (t) there is 
a single mean concentration (Cx) of the indicator in the volume. From the 
amount of indicator added (Qx) and the concentration, the volume (V) in 
the bucket can be calculated: V = Qx/Cx. The flow rate can then be 
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FIG 4. 

Blood flow measurement with indicator 
dilution technique when all the dye is 
collected. As described in the text, this figure 
represents a bolus injection of an indicator 
into a stream and collection of all the indicator 
in a bucket. The concentration of dye in the 
bucket is identical to the concentration in a 
small aliquot collected from a spigot. The 
volume (V) in the bucket is equivalent to the 
amount of dye (Qx) injected divided by the Qx 
concentration (Cx). See text for description of — 
flow (F) calculation. 





i} 
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determined from the volume and time of collection: F = V/t. When terms 
are rearranged, flow can be calculated without actually measuring volume 
directly: F = (Qx/Cx)/(t) = Qx/Cxt. Moreover all of the fluid need not be 
collected. A spigot could be connected to the bucket and a small fraction 
of fluid with indicator collected. The final mean concentration should be 
the same as in the bucket, and again the total flow rate could be calcu- 
lated. This is the essence of the calculation of flow rate in vivo with the 
bolus injection except that all the fluid is generally not collected and a 
single mean concentration is not obtained, rather the changing concentra- 
tion is measured as a function of time. Then the concentrations during a 
series of short time periods is multiplied by the time and all the products 
are summed (the integral of Cx dt). 

Consider now that a bolus of indicator is injected into the inflow of a 
vascular system and the concentration of the indicator is measured contin- 
uously downstream as shown in Figure 5. During a very small time inter- 
val, a small volume of blood exits the system and is collected while the 
flow rate is constant; this volume is equivalent to the product of flow (F) 
and the time interval for collection (dt): dV = F dt. The volume of blood, 
dV, also contains a fraction (dQx) of the total (Qx) indicator injected, 
which is equivalent to dV times the concentration of indicator (C(t)) during 
that time interval: dQx/dV = C(t) or dQx = dV C(t). Therefore, d(Qx = 
Fdt C(t) or F C(t) dt. If we sum all of the fractions of indicator exiting over 
time it should total Qx, the amount of the indicator injected. Similarly if 
we sum all the products of concentration at any given time and the volume 


collected in that time this yields the integral, . F dt C(t) or F [ C(t)dt. 
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FIG 5. 

Indicator dilution technique with the concentration measured continuously. As de- 
scribed in the text, flow rate (F) can be measured through a vascular bed after the 
injection of an indicator upstream and continuous measurement of concentration 
(C) as a function of time (T) downstream. The concentration at any point in time 
(C(t)) shown by the shaded area is equivalent to the concentration that will be 
obtained if an aliquot of fluid and dye were collected for a very short time (dt); the 
aliquot is shown by the small test tube with a volume (dV), which is equal to the 
amount of dye collected (dQx) divided by the concentration (C(t)). See text for 
description of calculation of blood flow. 


This integral is equivalent to the amount of indicator injected (Qx = 


e i C(t)dt). Then, by rearranging terms, flow can be calculated as 


pagitwAielew (1) 
[ C(t)dt 


This now provides the working equation to compute flow through a 
system when an indicator is added by bolus. Again as with the example of 
collection in a bucket, it is not necessary to sample the concentration in 
the main stream of blood. This will be discussed in detail later. An assump- 
tion here is that the concentration of the indicator initially entering the 
system was zero and all the indicator was added by the bolus. If some 
indicator was present in the stream to which the bolus of indicator was 
added, then the concentration of indicator entering the system must be 
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accounted for in the equation. This is the case with recirculation of the 
indicator, repeated measurements, or with thermodilution measurement 
(the blood enters with some heat or caloric content). When this inflow 
concentration of indicator is a constant term, the calculation is no more 
complex than equation 1. When this inflow concentration varies with time, 
computation of flow may become complicated. Therefore, it is generally 
desirable to choose indicators that are rapidly cleared from the circulation. 


a 
General Assumptions and Sources of Error 


The use of indicator dilution techniques requires many assumptions. Here 
we will consider the general assumptions related to the technique and their 
implications, and later we will discuss the problems unique to specific in- 
dicators. 





Conservation of Mass 


For inferences to be drawn with regard to flow through a system it is es- 
sential that all the indicator be accounted for. For in vivo systems, it may 
be impractical or difficult to determine the point at which the concentration 
of the indicator has returned to zero (implying that all the indicator has 
been collected) following an injection. Time for sampling or blood with- 
drawal may be a constraint, or with recirculation, the dye may reappear 
before there is cornplete washout from the initial injection. The “‘true”’ in- 
dicator concentration can be accounted for by a variety of techniques.® 7 
This is most easily obtained from the downslope or ‘‘washout” of the in- 
dicator dilution curve that generally follows an exponential decay. The log 
of the measured concentrations is plotted as a function of time. Additional 
points are estimated by extrapolation as shown in Figure 6. Many ma- 
chines used for measurement of blood flow by indicator dilution are 
equipped with computers for performing this extrapolation but it is impor- 
tant to be aware of the assumptions used. For example, if recirculation is 
not recognized the area under the initial curve would be falsely overesti- 
mated resulting in an erroneously low blood flow calculation. 


Mixing of Indicator 


The assumption is made that all the indicator is well mixed, that the con- 
centration measured downstream is representative of mass in the volume 
sampled, and that the movement of indicator (convection) is similar to the 
movement of the fluid. It may take time for the indicator to become well 
mixed. For example, indocyanine green dye (ICG) needs to be bound to 
protein and there is a requisite change in the spectral absorption that takes 
a few seconds.® With all indicators, it may be necessary for the mixture to 
pass through a cardiac chamber or the vascular bed of an organ to avoid 
streaming at the site of sampling. Streaming occurs even in long blood 
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FIG 6. 
The relationship between the 
concentration of indicator (C) 
and time (T) and the log 
concentration of indicator (log 
C) and time (upper and lower 
panels, respectively). This 
figure shows the concentration 
of indicator as it is obtained in 
a system with recirculation 
ly after a bolus injection (arrow). 
Without recirculation, the 
indicator concentration would 
decrease to zero as shown by 
the dotted line. The theoretical 
“true” indicator concentration 
that would be obtained with 
recirculation no recirculation can be derived 
from a semi log plot as shown 
on the bottom panel. The 
dotted line now shows 
extrapolation to provide the 
expected concentration of dye. 








recirculation 


log C 





vessels (such as the inferior vena cava or aorta) unless there is an inter- 
posed mixing chamber.” For measurement of cardiac output, this problem 
may be solved by an injection into the right atrium and sampling in the 
pulmonary artery or at a more distal site, or injection in the pulmonary 
artery and sampling on the left side of the heart. 


Number of Inlets and Outlets 


The sites of sampling and injection are particularly important to consider. 
Figure 7 helps illustrate some of the concerns raised here. Blood flow can 
be assessed in a system with multiple inlets, multiple outlets, or both. How- 
ever, it is essential to recognize what flow will actually be measured when 
there is not a single inlet and outlet. If an injection is made at inlet A and 
sampling is at C, D, or E, the flow measured will be that through C. On 


A D FIG 7. , 
Cc A multiple inlet and outlet vascular system. 
See text for description of appropriate sites 
of injection and withdrawal for 
measurement of blood flow through 
B E channel C. 
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the other hand, if the injection is made at B, the flow that is measured 
from sampling at C, D, or E will be erroneously high because some of the 
injectate was “‘lost’’ before reaching C. These are the types of considera- 
tions that occur in the presence of shunts. For example, if there is a right- 
to-left atrial shunt and dye is injected at the right atrium and sampled in 
the pulmonary artery, the calculation will overestimate pulmonary blood 
flow. However, if there is a left-to-right atrial shunt and dye is injected at 
the right atrium and sampled in the pulmonary artery, the calculation will 
measure pulmonary blood flow. Needless to say, the presence of shunts 
often complicates the blood flow measurement, and it is worth the time to 
diagram flow patterns to determine the appropriate site for injection or 
sampling. 





Disturbance of the System 


Finally, it is important that the injection of the indicator not disturb the 
system. The system should be in steady state with regard to flow. This 
means that even if there is pulsatile blood flow, the heart rate or period of 
pulsatility should be relatively small compared to the time for sampling. 
Then the resultant flow will be the average for the time period sampled. 
The injection volume should be very small relative to the amount in the 
system so that flow rate is not altered by this injection. This is usually 
satisfied by having relatively concentrated indicators, or for example, an 
injectate that is much colder than blood. However, when dealing with or- 
gan blood flow or blood flow in small subjects this is an important consid- 
eration. 


el 


Cardiac Output Measurement : 


a EE ee hE Se 
Indocyanine Green 


In usual practice, the measurement of cardiac output using ICG as the 
indicator requires two indwelling catheters.'? !! A catheter for injection is 
usually placed in the central venous circulation, right ventricle, or pulmo- 
nary artery and a catheter for withdrawal is placed in a systemic artery. 
Variations of site of injection and withdrawal can be used for detection and 
quantitation of shunts. In practice, it is easiest to fill the dead space of 
catheter with the dye and then inject by flushing with a small amount of 
saline or similar fluid. Thus, little fluid need be injected but all the dye 
clears the tubing. Blood is simultaneously withdrawn at a constant rate 
from the arterial catheter through a cuvette connected to a densitometer 
that measures optical density. The time for withdrawal varies depending 
on how far apart the sites of injection and withdrawal are but this can 
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easily be determined by some test runs. For small patients it is desirable to 
minimize the time for withdrawal because of the loss of blood during the 
measurement; it is also often necessary to adjust the amount of dye in- 
jected to keep the curve on scale. Finally, it is necessary to calibrate the 
system. This is done by putting known concentrations of dye into a mea- 
sured volume of blood and determine the optical density for that concen- 
tration. Some practical suggestions to simplify these measurements are 
suggested by Rudolph.’ As mentioned earlier, computation of cardiac out- 
put can be done by plotting the outflow curve of concentration-time and 
determining the area beneath this or by interfacing this system with a com- 
puter. 

Many nontoxic dyes have been tried as possible indicators to be diluted 
in blood. ICG has the particular advantage of binding to albumin so that 
it is excreted rapidly in the liver (with a half-life of about 5 minutes) and 
has a maximum spectral absorption at 805 nm so that there is no interfer- 
ence from oxyhemoglobin or deoxyhemoglobin. Therefore, ICG can be 
injected as a bolus and its concentration measured by the use of a densi- 
tometer through which blood is drawn at a constant rate. Because the dye 
is cleared rapidly, repeated measurements can be made with minimal in- 
terference from a background concentration. The advantages of this 
method are that it is safe, it is easy to quantify the dye in blood, and it can 
be used in conjunction with other markers to provide additional informa- 
tion. For example when ICG is used with a thermal indicator, extravascular 
water can be calculated as will be discussed in the appendix. Moreover, 
there is now equipment that can be used at the bedside that permits rapid 
calculation of cardiac output from the dye curve. In the past it would be 
necessary to calculate cardiac output by plotting outflow concentration in 
relationship to time and integrating the area under the curve (denominator 
of equation 1) using a planimeter of reconstructing the semilog plot as 
mentioned earlier. If one is to use an automated device, however, it is 
important to know what assumptions are made in the program for calcu- 
lation, at what point extrapolation is started, and what curves will be re- 
jected. Recently, intravascular sensors have been developed that permit 
measurement of spectral absorption without the need for blood with- 
drawal. This combined with a computed flow could greatly simplify cardiac 
output and possibly some regional blood flow measurements in patients 
but these systems require further validation. 

An additional application of ICG as an indicator is its use for detecting, 
localizing, and quantifying cardiovascular shunts.” ’” If there is a shunt be- 
tween the site of dye injection and sampling, then the outflow curve con- 
tour provides information about the direction and magnitude of the shunt. 
When there is a shunt, the outflow curve becomes bimodal. A right-to-left 
shunt is characterized by an early peak (the shunt) that is superimposed 
on the upstroke of the major curve (the predominant flow through the 
circulation). With a left-to-right shunt, the extra peak appears on the down- 
stroke of the major curve. In fact, a left-to-right shunt is analogous to the 
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shape of the curve with any recirculation, the differences are due to the 
magnitude of the additional peak and the rapidity with which it appears. 

In general, the larger the area under the extra peak or the higher it is, 
the greater is the proportion of the shunt. A number of approaches have 
been used to quantify shunt fraction; some are relatively simple and rely 
on approximations of curve areas from the height of the peaks and others 
require more sophisticated curve-fitting techniques. However, because the 
curves from the shunt and the normal circulation are partially superim- 
posed, it may be difficult to quantify the respective areas to determine the 
proportion of shunting, and the data obtained are often inconsistent. Al- 
though the magnitude of the shunt may not easily be determined, the site 
of the shunt can be localized by systematically changing the sites of injec- 
tion and withdrawal, as described in detail elsewhere. 

There are some problems that need to be addressed. As mentioned 
before, it takes time for the spectrum to shift to 805 nm. Therefore, the 
site of sampling should be sufficient distance from the site of injection. The 
most practical approach is to inject into the right side of the heart and 
sample from the systemic artery. If there is reduced clearance of the ICG 
as with reduced liver blood flow, repeated measurements may be erro- 
neous since the absorption of ICG at high concentrations may not be lin- 
ear.'’ When there is a very low cardiac output the recirculation of coronary 
blood flow (which will be a proportionally larger fraction of cardiac output) 
will add error to the measurement. 

Most cominonly, the method requires that blood be withdrawn from the 
subject. If sterile equipment is used, the blood may be reinfused: other- 
wise, blood loss must be a concern particularly for the small patient. Cali- 
bration also requires some withdrawal of blood since the dye needs to be 
diluted in blood to determine the relationship between concentration and 
absorption. Despite the technical and practical considerations, the use of 
ICG is a time-honored, reproducible, and well-established technique for 
measurement of blood flow and it has become more practical at the bed- 
side with recent technical advances. Because of the potential for measure- 
ment of other functions of the vascular system, this approach will likely 
remain an important method for measurement of blood flow. 


Thermal Dilution 


A clever adaptation of the indicator dilution technique has been the use of 
calories as the indicator.‘° 14-1° If a quantity of fluid is injected into a vas- 
cular system and that fluid has a temperature that differs from the blood 
then it will change the heat content of that blood by a predictable amount. 
The blood will also change its temperature in response to the bolus and 
the temperature change of the blood can be recorded with a thermistor. 
The quantity of heat injected is the numerator and the change in the quan- 
tity of heat in blood is in the denominator of the flow equation. Since it is 
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heat (or cold) that is being diluted, the specific gravity (S) and heat capac- 
ities (C) of both blood (B) and the injectate (i) must be known. Therefore, 


ps (Tp = Ti) V;:C:S; 
Cp Sp | A Tg (t)dt 


where T; and T, are temperatures of injectate and blood and V, is the 
volume of injectate. In general, if blood flow is diminished, a given bolus 
of cold will cause a large temperature change, and conversely, with high 
blood flow, a temperature change will be rather small. By using saline or 
glucose as the injectate at room temperature or 0 C (these are the two 
most practical temperatures for clinical purposes), the volume of the injec- 
tate can usually be limited to 1 to 5 ml for children. Under most circum- 
stances, this provides a sufficient temperature change to be recorded and 
discern from the normal variability in blood temperature. In practice, a 
catheter (usually balloon flow-directed type such as a Swan-Ganz catheter) 
is used that has a thermistor at its tip and a hole 5 to 15 cm proximal to 
this. When placed in the right side of the circulation, the tip may be located 
in the pulmonary artery and the thermistor can record baseline blood tem- 
perature prior to injection. The injectate temperature is recorded prior to 
injection by a separate thermistor. Following a bolus injection the change 
in the blood temperature downstream can be recorded continuously and 
flow calculated on line or from a plot. Variations on this approach can be 
used. For example a thermistor may be placed on the descending aorta 
with an injection into the left atrium or left ventricle. 

There are many clear advantages to this system. First, it is safe and the 
substances used for injection are obviously nontoxic. However, for the 
small patient, the volume of injectate can eventually be a problem if mul- 
tiple measurements are made. For the infant, 1 ml of an iced injectate may 
be sufficient to produce an adequate indicator curve, but the smaller the 
injectate the more room for error because of the lost volume in the cath- 
eter. Another major advantage is that the indicator is rapidly eliminated. 
As the cold passes through small vascular beds, the temperature is distrib- 
uted to tissues and body water. Therefore, in the absence of cardiac 
shunts, there is no appreciable recirculation. However, the lung tissue is 
also a sink for heat so that cardiac output cannot be measured by injecting 
in the pulmonary artery and sampling in the aorta. 

Despite its many advantages, there are also theoretic and practical prob- 
lems with the thermal method. The exact amount of calories injected is 
difficult to measure. As the bolus is injected and passes through the cath- 
eter cold is lost to the catheter and to the skin in a somewhat unpredictable 
fashion. Most devices or systems used for computing thermal dilution car- 
diac output have a fudge factor because of this lost cold. Next, there is 
baseline variability in blood temperature. Different vascular beds have dif- 
ferent temperatures and there are temperature fluctuations under normal 
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conditions. Some of this may be eliminated by averaging, but under 
pathologic states these variations may be accentuated. It may also be dif- 
ficult to determine when there has been a return to baseline. Because of 
the uncertainty of the return to baseline, integration of the curve may be 
difficult if the decay is very slow or the injection is not made rapidly. For 
repeated measurements, most automated systems have been programmed 
to have a time period of temperature stability that must be present before 
a second injection can be made. 

In general, thermal dilution has proven to be a very useful and practical 
bedside technique. It eliminates the need for withdrawal of blood, which is 
a particular advantage in children. A single catheter can be used for injec- 
tion and sampling and this can be part of a flow directed catheter so that 
multiple functions can be provided. Furthermore the injectate is non-toxic 
and the equipment is easy to use. Thus, both ICG and thermal dilution 
provide relatively straightforward, practical methods for obtaining measure- 
ment of cardiac output for clinical use with few hazards. In the appendix, 
some other applications of indicator dilution measurements are described. 


Pe ae aE 
Appendix: Other Applications for Indicator Dilution 


Measurement of Mean Transit Time and Volume of 
Distribution 

When an indicator is injected into a vascular system and sampled down- 
stream, the outflow curve contains information about the volume of fluid 
in that system between the points of injection and sampling and the aver- 
age time (mean transit time) it takes for the indicator particle to traverse 
the distance between those points.’ *” To appreciate the derivation of this 
information, consider an injection of a dye that is mixed with the fluid 
upstream from the point of sampling and travels with the fluid through the 
system. The particles of dye take varying amounts of time to reach a site 
of sampling. This is particularly true if they must pass through the vascular 
bed of an organ where there may be different lengths of vessels to traverse 
or different flow rates within the vessels; some particles have short and 
others have long transit times. To calculate mean transit time for these 
particles or the fluid to traverse the vascular bed, certain general assump- 
tions are necessary: (1) the distribution of traversal times for particles en- 
tering the system is constant with respect to time, (2) total flow rate 
through the system is constant, (3) volume in the system is constant, (4) 
all fluid that moves into the system eventually moves out, (5) the indicator 
does not recirculate during the period of time in which the measurement 
is made, and (6) the particles travel in a fashion representative of the total 
fluid flow. After the dye is injected, there is a delay before the first particle 
arrives at the site of sampling and this is called the appearance time. Fol- 
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lowing this the concentration of dye emerging from the system is a function 
of the amount of fluid labeled with dye that is draining relative to the total 
amount of fluid exiting the system. At the earliest points in time, fluid trav- 
elling through the shortest distances or at the most rapid rate will arrive at 
the point of sampling first. Much of the fluid initially exiting represents fluid 
that was already in the organ at the time the dye was injected and there- 
fore it contains no dye. With time the concentration at the point of sam- 
pling increases and most of the fluid exiting has been labeled with dye. 

The transit time for any given particle is the sum of the appearance time 
plus the time after the start of the curve before that particle exits. The 
average time it takes for the particles to exit the vascular system is a func- 
tion of the time each particle takes to pass through the system and the 
total number of particles. Such an average could be obtained by summing 
the products of transit time and amount of dye exiting with that transit 
time and dividing this sum by the total amount of dye collected. In prac- 
tice, concentration is measured rather than the amount of dye, and mean 
transit time is calculated as 


t = appearance time + [ t C(t)dt/ | C(t)dt (2) 


If we now consider that fluid traverses a vascular system at a given flow 
rate (F) and the average time (or mean transit time, t) that an aliquot of 
fluid or a particle spends in the vascular system is known, then the volume 
(V) in that vascular system at any point in time is the product of these two 
values: 


V=Fxt 


This volume of distribution represents the amount of fluid into which the 
indicator would disperse if the vascular flow were abruptly stopped and 
the entire system were mixed. Clearly, this could provide valuable infor- 
mation if one were interested in the blood volume of an organ and there 
were the ability to inject and sample at the inflow and outflow of that 
organ. This is particularly useful in an organ with inflow and outflow source 
that is relatively accessible, such as the lung. 





Measurement of Extravascular Lung Water 


If an indicator is injected into the vascular system and the indicator not 
only distributes within the blood volume but diffuses out of the blood ves- 
sels, the outflow curve will reflect this distribution into a larger volume (Fig 
8).1°-7° If some of the indicator is lost from the vascular space, the con- 
centration in blood at any given point in time will be lower and the appar- 
ent blood flow will be greater. Although this blood flow measurement is 
erroneous, the particles that remain in the vascular space still have a dis- 
tribution of transit times that is uninfluenced by the loss of indicator. There- 
fore, the mean transit time will be correct and a new volume of distribution 
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FIG 8. 

Concentration (C) shown as a function of (T) after injection of a mixture of two 
indicators given in equal quantities into a vascular system. The intravascular marker 
(A) stays entirely within the vascular space and yields a high concentration during 
the early part of the outflow curve as shown by the solid line or the high concen- 
tration in an aliquot that is collected for a short period of time. The diffusible 
marker (-) distributes in both the intravascular and extravascular space; therefore, 
its concentration within the intravascular space is lower during the early part of the 
outflow curve. 


can be calculated that will include all the space into which the indicator 
moved. As before, the concept still holds that the average concentration of 
the indicator in the vascular space is that which would be obtained if the 
indicator were injected and all flow were stopped. Since the indicator 
moves freely from the vascular space into the extravascular space, the vol- 
ume of distribution now is the sum of those two. Also if an indicator 
quickly distributes in extra as well as intravascular water, the volume of 
extravascular water (VgEVLW) can be measured by subtracting the vol- 
ume of distribution of an intravascular marker (V,i) from that of the marker 
that diffuses (VgH2O) into both spaces: 


V4aH2O Sr Vai as V4gEVLW 


or 


VaEVLW = Q (typo) — Q (t) = Q (to — ) 
where Q is the plasma water flow and tHoo and t, are the mean transit 
times for water and the intravascular markers, respectively. This is the prin- 
ciple behind the use of simultaneous injection of two markers into the 
pulmonary circulation. Usually ICG is combined with a bolus of (labeled) 
water and the two are measured at the outflow of the pulmonary circula- 
tion, or in the aorta. The water may be labelled with deuterium, tritium, or 
injected as a thermal indicator. In theory, the volume of extravascular wa- 
ter measured may only represent that which resides near perfused portions 
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of the lung and is accessible to the extravascular marker. Therefore, this 
technique frequently underestimates water measured gravimetrically. In 
practice, there are other sources of error common to all indicator methods, 
Bet it provides an interesting approach to an important physiologic vari- 
able. 
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Doppler Flowmetry 





WILLIAM BERMAN, JR., M.D. 


Principles 





Flow Velocity Determination 


The Doppler principle is named for its discoverer, Christian Doppler, an 
Austrian physicist who noted in the early 19th century that sound reflected 
from a moving object underwent a frequency shift in the process. This 
phenomenon was applied first to the quantification of blood flow about 25 
years ago, approximately 100 years after its description. The principles of 
ultrasonic measurement of blood flow velocity and the calculation of flow 
(Doppler flowmetry) will be summarized prior to discussion of specific ap- 
plications to the quantification of central and regional blood flow. 

Doppler devices employ sound in the frequency range of 1 to 20 million 
cycles per second (MHz). The range for audible sound is 20 to 20,000 Hz; 
therefore, Doppler units utilize what is referred to as ultrasound. Sound 
travels in wave forms, with a wave length = d and a frequency = f. The 
speed of sound, 1,540 m/sec in blood, is represented as c, andc = f X. 
As sound travels through a medium, its intensity is reduced or attenuated, 
due to reflection, beam divergence, and absorption (conversion to heat). 
A portion of the beam is back-scattered (“‘reflected’””) from objects in the 
beam pathway. In blood, red blood cells are the primary back-scattering 
structures, and between hematocrits of 10% to 70%, the intensity of back- 
scattered energy is a function primarily of the fourth power of the emission 
frequency, fo. 

Quantification of red blood cell velocity by ultrasound depends on the 
Doppler effect. That physical principle relates the change in frequency (A 
f) of sound back-scattered from an object moving at a velocity, V, by the 
equation 


Af = (2f,Vcos0)/c 


where @ is the intercept angle between the ultrasound beam and the axis 
of the flow stream—the angle of insonance. By rearranging the equation 
to 


V = (cAf)/(2f,cos6) 


one can see that measured velocity depends on the emission frequency 
(f,) and the velocity of sound in tissue (c) and varies directly with the 
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frequency shift (A f) and inversely with the cosine of @. In practice, two 
types of Doppler “systems” can be employed, continuous wave and 
pulsed. I will describe both and then focus on pulsed Doppler application 
in the remainder of the discussion. 

Sound wave transducers employ piezoelectric crystals to both generate 
and receive ultrasound signals. With continuous wave systems, separate 
transducers continuously emit and receive ultrasound signals. As with all 
transducers, beam width varies directly with transducer diameter, emission 
frequency, and depth of penetration; penetration capabilities vary inversely 
with emission frequency. In current practice, received frequency shifts of 0 
to 10 kHz reflect interface velocities of 0 to 100 cm/sec. With continuous 
emission and sampling, a spectrum of frequency shifts is obtained, as no 
gating procedure is used to discriminate any part of the field transected by 
the ultrasound beam. As such, the continuous wave system samples indis- 
criminantly, without specificity of range or depth. The wide range capabil- 
ity of continuous wave devices make them useful for detecting very high 
velocity streams, a property that has proven useful for estimation of vas- 
cular pressure gradients in clinical practice.°? The lack of range specificity 
imposes constraints related to sampling of all flow streams in the beam 
path. 

By use of range gating, the Doppler transducer can be converted to a 
pulsed device, used both for emission and reception of ultrasound signals. 
The transducer emits bursts at a specified frequency—the pulse repetition 
frequency, or PRF—and is free to receive signals for the period between 
bursts, which is the sampling interval. If a 5-MHz transducer with a PRF of 
10 kHz emits pulses of 1 usec in duration, then each pulse contains five 
wave cycles (computed as follows: 1x10~°secx5~x 10° cycles/sec) 
spaced 100 psec apart (1/PRF = 1 ten-thousandth of a second). The 
sampling time in this example is 99 psec, 99 times the transmission time; 
because of this gated operation, pulsed Doppler units deliver less ultra- 
sound energy to tissue than continuous wave units of comparable emission 
frequency operated for an equal time.!° Since the velocity of ultrasound 
in biologic tissue is known (1.54 m/sec or 1.54 mm/sec), the transmission 
time to and from a back-scattering target can be used to calibrate sampling 
depth or direct the instrument’s sample volume (volume of interrogation) 
to a desired point. This axial or depth resolution is achieved by varying the 
sampling interval, and the dimensions of the sample volume itself are de- 
termined by physical factors, including transducer size, emission wave 
length, transmission duration, and the fields sampled (Fig 9). In the ex- 
ample cited, with the sampling interval = 99 microseconds, assuming 
equal transmission time to and from the back-scattering target, depth of 
sampling = c X (sampling interval/2) = 1.54 mm/sec X 49.5 psec = 
76 mm or 7.6 cm. Because this relationship of travel time to distance is 
nearly constant in soft tissue, one can use the 13 wsec/cm calibration factor 
to determine sampling depth from sampling interval. This is the gating fea- 
ture all pulsed Doppler units employ to achieve depth specificity or reso- 
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DETERMINED BY: DETERMINED BY: 
a) transducer radivs a) transmit burst duration 
b) wavelength b) receiver gate 
c) divergence in the c) physical characteristics 
far field of transducer 
d) velocity of sound in 
tissue 


FIG 9. 

Variables that affect the size and shape of the volume sampled by a pulsed Doppler 
system. (From Berman W, Jr (ed): Pulsed Doppler Ultrasound in Clinical Pediat- 
rics. Mt Kisco, NY, Futura Publishing Co, 1983. Used by permission.) 


lution. This feature permits selective sampling, but also imposes constraints 
on the measurement of flow velocity of red blood cells. 

For accurate processing of received ultrasound signals, the Shannon 
sampling theory requires the sampling frequency to be at least twice the 
highest frequency shift mesured.*! Expressed mathematically, A fmax = 
PRF/2. The PRF also limits the range of sampling, as back-scattered signals 
from the region of interrogation must have time to return to the transducer 
before a new pulse is emitted. The maximum range, Rmax, is related di- 
rectly to c and inversely to PRF, as 


Ret=(cex 10% (2° x <PRF) 


where PRF is measured in kHz, c in m/sec and Ra, in cm. If one substi- 
tutes these relationships of A fmax and Rmax in the Doppler equation, the 
limits of velocity and range determination can be calculated: 


Af = (2f,Vcos@)/c 
A-frax = PRF/Z 


therefore, 
PRF/2 = (2f,Vmaxcos0)/c 
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and, 
Vmax = (c X PRF x 107%)/4f,cose 


where V,,ax and c are measured in meters/second, f, is in MHz, and PRF 
is in kHz. From this equation, one notes the maximum unambiguously 
measurable velocity is directly proportional to PRF and inversely propor- 
tional to emission frequency. Since Rmax = (c x 1071)(2 x PRF), one 
may substitute above for PRF as (c x 1071)(2 x Rmax) to derive the 
following relationship: 


Vinaww= (CX 105 *V/8E,cos0R,... 


Here, one can note that the maximum measurable velocity varies inversely 
with the depth at which it is sampled. From these equations, one can cal- 
culate a range of velocities and sampling depths that a Doppler unit with 
known specifications can measure accurately and unambiguously. Beyond 
those limits, ambiguities of range or frequency shift (aliasing) occur. For a 
pulsed Doppler device with a 5-MHz transducer and a PRF of 10 kHz, 
Figure 10 can be drawn. The effects of variation in f, on the relationship 
are shown in Figure 11: the lower the emission frequency, the greater the 
penetration possible for measuring a given V 


max ° 


Volumetric Flow Calculation 


Flow calculation from flow velocity measurement rests on simple algebraic 
and geometric relationships. The calculation presumes that flow velocity in 
the sampled vessel is uniform (flat flow velocity profile), that the vessel is 
round (vessel area = mr or 7 d/4), that the vessel diameter does not 
change during the flow cycle, and that an average flow velocity measure- 
ment (the temporal mean velocity, V) can be made. With these assump- 
tions and presumptions, volumetric flow (Q) = V cm/sec x md2/4 cm? = 
ml/sec. A review of the potential systematic and experimental errors in this 
calculation is essential prior to discussion of application of this measure- 
ment method. 


Errors in Flow Calculation 
Sampling Resolution 


Many units for pulsed Doppler processing are part of imaging systems (du- 
plex scanners) and use a single transducer for imaging and flow velocity 
determination. In pediatrics, resolution of small structures often requires a 
relatively high emission frequency (5 to 10 MHz) that limits penetration 
and Vinax determination (see Fig 11). As will be discussed later, instrument 
specifications must be matched to application to avoid ambiguities and to 
maximize measurement capabilities. 
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FIG 10. 

Variables that determine the zone of unambiguous sampling for a pulsed Doppler 
system. (From Berman W, Jr (ed): Pulsed Doppler Ultrasound in Clinical Pediat- 
rics. Mt Kisco, NY, Futura Publishing Co, 1983. Used by permission.) 


Signal Processing 


A detailed review of signal processing will not be presented here. Briefly, 
Doppler signals are processed primarily by spectral analysis, zero-crossing 
counter (ZCC) or time interval histogram (TIH). Spectral analysis by fast 
Fourier transform (FFT) gives more information about signal quality and 
composition than ZCC or TIH. Flow velocity determined from the maximal 
envelope of the FFT spectrum and from the ZCC compare favorably and 
are more reliable than TIH processing.’*-** Planimetered estimates of Vinax 
from FFT records must include the entire frequency envelope. ZCC signals 
are simpler to time average for determination of V (mean velocity) from 
phasic V wave forms, but less information is apparent in the ZCC signal 
than in the spectral display. 


Velocity Determination 


Accurate velocity measurement requires appropriate instrument specifica- 
tions, as discussed, as well as knowledge both of the character of the flow 
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FIG 11. 

The effect of variation in transmission frequency on the penetration capability and 
maximum unambiguous velocity measurable by a pulsed Doppler system. (From 
Berman W, Jr (ed): Pulsed Doppler Ultrasound in Clinical Pediatrics. Mt Kisco, 
NY, Futura Publishing Co, 1983. Used by permission.) 


stream and the insonance angle, 8. Large vessels, with flat-flow profiles 
and laminar, nonturbulent flow must be sampled to assure that velocity 
information obtained within the sample volume (area of interrogation) re- 
flects velocity across the entire flow stream. Small caliber vessels, areas 
near branch points, and turbulent flow streams (due to abnormal cardiac 
valves, intraluminal obstructions, or very high flow velocities) will have par- 
abolic, distorted, or bidirectional flow profiles from which meaningful spa- 
tial mean velocity data cannot be obtained without interrogating the entire 
flow stream.? 

Determination of the insonance angle, 8, is also critical. As the Doppler 
equation states, 


V = (c A f,)/(2f,cos6), 
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where A f is measured and V is calculated from cos @. Figure 12 shows 
the relationship of cos @ to the insonance angle. Between —15 degrees 
and +15 degrees, cos 6 is very close to 1. At higher insonance angles, cos 
§ changes dramatically with small changes in @ (at @ = 70 degrees, a 1- 
degree error in angle measurement causes a 6% error in V calculation). 
The angle 8 should be minimized to reduce potential errors of this kind. 


Flow Calculation 


Flow velocity determination, even if made precisely, does not guarantee 
accurate flow “measurement.” Vessel cross-sectional area is multiplied by 
V to generate flow values. The measured variable in the vessel area deter- 
mination is vessel diameter, d, a value squared in the area calculation (area 
= wm d°/4). Apparently, small errors in d measurement are magnified in 
flow calculations. If temporal mean velocity, V, = 25 cm/sec, and d = 0.9 
cm, Q = 25 x 0.634 x 60 sec/minute = 954 ml/minute; if d = 1.0 cm, 
Q = 25 x 0.785 x 60 = 1,178 mi/minute, a 23% increase. Experience 
has shown that d must be measured each time V is determined and at 
about the same time for results to be accurate. 

Vessel diameter also is not a static value, but changes with the cardiac 
cycle. Systolic to diastolic variations of 10% to 15% are reported.’° By 
convention, systolic diameters are used, introducing a bias to overestimate 
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FIG 12. 
The relationship of the cosine of the angle of insonance to the angle itself. (From 
Berman W, Jr (ed): Pulsed Doppler Ultrasound in Clinical Pediatrics. Mt Kisco, 
NY, Futura Publishing Co, 1983. Used by permission.) 
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flow from measured velocity. Temporal average of vessel diameter or, 
more ideally, instruments that track vessel diameter during velocity mea- 
surement are now being field tested as more accurate methods of true 
vessel area determination. In current practice, for calculation of ascending 
aortic flow, vessel diameter and flow velocity data are measured above the 
level of the aortic sinuses; this site excludes coronary flow considerations, 
a fact that tends to balance the effect of using the systolic vessel diameter 
for area computation. 


eee 
Application 





Noninvasive Determination of Cardiac Output and Great 
Vessel Flow Patterns 


Interrogation of the aortic root from the suprasternal notch yields flow ve- 
locity signals of the ascending aortic flow stream. The suprasternal ap- 
proach nearly guarantees a small (<15 degrees) insonance angle so that 
the cos @ correction is minimal and need not be applied (Fig 13). Verifi- 
cation studies comparing the blind, suprasternal Doppler approach to cal- 
culations of aortic flow (cardiac output) measured according to the Fick 
principle’® or thermodilution cardiac output’” have shown excellent corre- 
lation of the ultrasound method with those accepted techniques. Loeber et 
al.® have shown also that aortic flow calculations based on velocity sam- 
pling in the ascending aorta from the suprasternal notch compare very 
favorably with output determinations made with duplex scanning and @ 
quantification in the pulmonary trunk and tricuspid orifice. Sophisticated 
duplex studies of great vessel and intracardiac flow velocity indicate clearly 
the reliability and ease of the suprasternal notch approach when no intra- 
cardiac or great vessel shunts exist.‘? Finally, interobserver and intraob- 
server variability studies, as well as the magnitude of Physiologic variation, 
have been determined for adults®* 7! and children.”* intraobserver vari- 
ability in velocity ranged from 2% to 5%; interobserver variability from 3% 
to 6%; and physiologic variability in calculated flow on consecutive days 
of measurement from 10% to 20%. Intraobserver and interobserver peak 
velocity determinations are close; the variability may reflect small changes 
in the insonance angle, which is not measured in the blind, suprasternal 
approach, but may vary slightly from day to day. Flow variability on con- 
secutive days of sampling may also reflect vessel diameter change with 
time. True biologic variation is no doubt responsible for some of the 
change as well. The suprasternal approach has been used now to quantify 
cardiac output measurements in the pediatric age group.2?-?° Although 
values cited compare closely to numbers obtained invasively in earlier 
studies, several cautions must be emphasized. Because the sampling ap- 
proach is blind, measurements may not be accurate when anatomy is dis 
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FIG 13. 

Sampling the ascending aortic flow 
stream from the suprasternal 
approach. (From Berman W, Jr (ed): 
Pulsed Doppler Ultrasound in 
Clinical Pediatrics. Mt Kisco, NY, 
Futura Publishing Co, 1983. Used 
by permission. ) 





torted (when the angle 6 may be more than 15 degrees). Low or high flow 
states can distort the velocity profile and prohibit determination of a true 
mean spatial flow velocity. Patency of the ductus arteriosus will confuse 
cardiac output measurements by inclusion of the left-to-right shunt in the 
flow stream. And careful determination of the vessel diameter must accom- 
pany each flow velocity measurement, as changes in vessel size can occur 
quickly!° and affect flow calculations as noted previously. 





Invasive Doppler-Based Cardiac Output Measurements 


Doppler methodology can be used in systems that are invasive. Pulsed or 
continuous wave Doppler transducers applied directly to vessel walls can 
with measurements of vessel diameter, be used to calculate flow data.”© 27 
Moreover, Doppler transducers have been mounted on catheter tips and 
positioned within the flow stream. 28,29 The distortion of the flow stream 
that could occur consequent to an intravascular foreign body seems not to 
be problematic, but precise confirmation of the insonance angle is difficult 
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in this application. For relatively small vessels, with careful orientation of 
the catheter in the axis of the flow stream, useful quantitative data can be 
obtained. When the catheter position is unstable, if the orientation is not 
verifiable, or if the catheter position changes due to fling or migration, data 
interpretation may be impossible. 





Regional Blood Flow 


Regional flow velocity signals can be obtained with pulsed Doppler units 
in which the sample volume size and position are variable and controllable. 


Qualitative Analysis 


Flow velocity signals from peripheral vessels can be recorded and pro- 
cessed qualitatively by one of a number of variations on the “‘pulsatility 
index” method.°°~*? These angle-independent means of describing flow 
velocity patterns are ratios of peak systolic to trough diastolic flow velocity; 
absolute values for flow velocity and volume flow cannot be obtained ac- 
curately in most studies. These applications of wave form analysis can give 
useful information about distal vascular resistance, pulsatility of flow, and 
diastolic run off. Certain flow patterns have been associated with disease 
states, such as patent ductus arteriosus and intracranial hemorrhage.2**° 
Still, absolute measurements, rather than dimensionless, referenced ratios 
remain the preferred approach to hemodynamic study. 


Absolute Measurements 


Doppler transducers can be applied directly, as noted previously,” to 
quantify regional flow patterns. A number of studies have shown that non- 
invasive methodology can be used to study some regional circulations. 
Greene et al.2” used conventional duplex methodology to calculate renal 
blood flow, bilaterally, in humans. Flow measurements correlated with 
body surface area, and velocity patterns permitted blind identification of 
abnormal vessels in 11 of 11 cases, and normal vessels in six of seven 
instances. Greene and colleagues currently are using innovative hardware, 
gated and triggered to the electrocardiogram, in an effort to study coronary 
blood flow by the duplex method.*? Uematsu et al.3? have described a 
unique system for measurement of carotid blood flow. Inaccuracy due to 
variation in vessel size is minimized by an echo (A-mode) tracking device 
that samples a diameter measurement at 90 degrees to the vessel axis 
every 2 msec. That dimension is used to calculate flow from velocity mea- 
surements made by a separate three-transducer system using one emitting 
and two receiving crystals, at known angles to each other but not to the 
vessel. This four-transducer system quantifies vessel diameter throughout 
the cardiac cycle and permits calculation of @ (rather than measurement 
from a two-dimensional image) by virtue of two receiving crystals process- 
ing the same emitted/back-scattered signal. Correlation of measurements 
with a simulated system was excellent, as was reproducibility of flow de- 
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terminations within the same recording session (3.8%) or on consecutive 
sessions (10.6%). A similar diameter tracking device has been used by 
Marsal et al. to measure aortic flow velocity in the aorta of the human 
fetus.*°-*? Imaging and sampling from the subdiaphragmatic aortic flow 
stream, flow calculation per estimated fetal weight has given values some- 
what less than, but comparable to, measurements of umbilical blood flow 
in the sheep fetus.** “ Gestational flow patterns from a number of labo- 
ratories have confirmed relative stability of flow/weight over the last third 
of gestation,*> “© an increase in vessel diameter without change in mean 
spatial flow velocity as the mechanism of flow increase with time, and the 
association of abnormal flow velocity patterns and calculated flow with a 
number of disease states.*’~> 





Assessment of Shunts 


The pioneering studies of Goldberg and Allen et al. have shown the use- 
fulness of pulsed Doppler devices in quantifying abnormal pulmonary to 
systemic blood flow ratios due to intracardiac shunts. Although flow tur- 
bulence in some malformations can complicate sampling, and although 
determination of the insonance angle in the pulmonary artery is difficult 
due to its anterior/posterior angulation (an unmeasured azimuthal angle), 
correlations of pulmonary and systemic flows, as well as the flow ratio, 
have been close in the clinical setting as well as in the animal labora- 
tory.52 53 


Other Applications of Doppler Flowmetry 
Directional Flow Velocity Determination 


Doppler systems quantify the direction of the flow stream. In certain appli- 
cations, such as assessment of congenital heart disease,°* rheumatic fever, 
the premature with a patent ductus arteriosus, or the postoperative cardiac 
patient with an aortopulmonary shunt, useful information is obtained by 
determining the direction of flow during all or a portion of the cardiac 
cycle. An example is the diastolic backflow in the aorta detectable after a 
successful aortopulmonary shunt.°°? Conventional or digital multigated 
color-coded images can be used in this application. 


Estimation of Pulmonary Artery Pressure 


A number of methods have been described that reference systemic flow 
velocity to systemic systolic blood pressure, then quantify velocity gradients 
between cardiac chambers due to intracardiac defects”® or tricuspid incom- 
petence,?” and back-calculate right ventricular systolic pressure from the 
measured data. In the absence of right ventricular outflow tract obstruc- 
tion, this value may be taken to equal systolic pulmonary artery pressure. 
In experienced and meticulous hands, this approach has generated values 
close to those measured directly at catheterization. 
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A second approach uses analysis of the pulmonary artery velocity wave 
form to estimate pressure. Studies have shown an inverse relationship be- 
tween systolic pressure and the rate of rise of the velocity tracing. This 
finding confirms and parallels the demonstration of a direct relationship 
between right ventricular dP/dt and right ventricular systolic pressure in 
normally contracting hearts.°® Therefore, the time to peak flow (accelera- 
tion time), as an absolute number or referenced to right ventricular ejection 
time, has been proposed as an index of pulmonary artery pressure or vas- 
cular resistance. Initial studies have been promising and the correlations 
high; the deviation of points from the regression lines, however, has been 
substantial, and the limits of confidence broad.°?~> 


Assessment of Hemodynamic Function 


As both acceleration time and dP/dt have been shown to correlate with 
ventricular systolic pressure, it is not surprising that velocity and accelera- 
tion intervals have been used to assess ‘“‘contractility’’ by approximating 
dP/dt. Initial studies using Doppler methodology have shown a strong af- 
terload dependence of peak velocity, but relative afterload independence 
of time to peak velocity (acceleration time).?” °° Subsequent studies in 
dogs have shown a strong negative correlation between acceleration time 
and left ventricular dP/dt over a wide range of inotropic and loading con- 
ditions. The prospect for noninvasive approximation of the contractile state 
awaits completion of pilot studies in which this methodology is applied to 
controlled clinical evaluations. 
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Chronic persistent diarrhea is a frequent problem encountered in pediat- 
rics, especially in infants and young children. This type of diarrhea may be 
secondary to simple dietary indiscretion, e.g., excessive fluid intake, or to 
a more difficult to solve diagnostic problem such as cow’s milk protein 
enteropathy or Giardia lamblia infection in a child attending a day-care 
center (DCC). Taken altogether, the problem of chronic diarrhea imposes 
a moderate burden on families and society. For many pediatric gastroen- 
terologists, this entity probably accounts for almost 30% of outpatient re- 
ferrals. Pediatricians evaluate children with this symptom on a regular ba- 
sis. This review emphasizes the nonspecific and “‘more specific’ causes of 
diarrhea in young children and their underlying pathogenesis. 


a 
Normal Physiology and Pathophysiology 


Diarrhea (Gr. dia, through, plus rhein, to flow), defined as the frequent 
passage of watery stools, is a symptom for which an underlying abnormal- 
ity should always be sought. This is most important for the growing child 
so that treatment may be as specific as possible. The alimentary tract re- 
ceives, mixes, digests, and absorbs variable amounts of exogenous and 
endogenous nutrients, fluids, and electrolytes leading to the excretion of a 
small volume of stool. In the adult and older child, daily fluid fluxes include 
approximately 2 L of ingested liquids and an additional 6 to 7 L of sali- 
vary, gastric, hepatobiliary, pancreatic, and intestinal fluid.’ Since only 100 
to 200 ml of water is normally present in stool each day, greater than 95% 
of this large volume of fluid is efficiently reabsorbed. The small intestine 
absorbs water at a rate of 200 to 400 ml/hour.” Although the small gut is 
primarily responsible for absorption, the colon is capable of significantly 
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increasing this process such that water absorption by both small and large 
intestine can be approximately 500 ml/hour.” Above this rate, excess water 
is excreted into the stool. If this concept of absorption rate is thought of 
with respect to decreased absorptive surface area (or enterocyte damage), 
the potential for accentuated malabsorption of water can be easily under- 
stood. Other pathophysiologic mechanisms responsible for diarrhea in- 
clude osmotic retardation of water absorption, increased secretion of water 
and electrolytes, abnormal intestinal motility, and bacterial overgrowth of 
the small intestine. 


eee ee eee eg 


Chronic Nonspecific Diarrhea 





Definition and Diagnosis 


Chronic nonspecific diarrhea, in otherwise well children, is not a single 
clinical entity; there are multiple causes for this common problem, which 
usually occurs between the ages of 6 and 39 months. It is distinguished 
from more serious diarrheal illness by lack of evidence for malabsorption, 
failure-to-thrive, or dehydration.* ° Because the children in the original re- 
port responded to antimicrobial therapy, bacterial overgrowth was a pos- 
sible cause of the diarrhea.* Davidson and Wasserman? described a group 
of children ingesting low-fat diets, but dietary manipulation, except for the 
avoidance of cold or hyperosmolar beverages, was of no treatment benefit. 
Underlying small intestinal dysmotility, an unproven cause of nonspecific 
diarrhea, could potentially be unmasked by ingestion of cold (or ice) and 
hyperosmolar fluids. However, disordered small intestinal motility was re- 
cently reported in some children with nonspecific diarrhea and is discussed 
later.° Frequently, the chronic process in these children is preceded by 
acute diarrhea leading to multiple dietary manipulations including exces- 
sive clear liquids (high carbohydrate) and restricted milk (low fat) intake. 
The diagnosis of chronic nonspecific diarrhea is made by exclusion with 
special emphasis on the dietary history and a screening stool examination 
(pH, reducing substances, fat, red and white blood cells). 


Possible Causes 
Overfeeding 


In an important outpatient study,’ two groups of children were evaluated 
by quantitation of fecal output, dietary energy-protein intake, and nonpro- 
tein fluid intake. Their fluid intakes were highly different: group A, 196 ml/ 
kg/day, and group B, 91 ml/kg/day. The group A nonprotein fluid intake 
was decreased to 90 ml/ka/day with no other change in their diet. Evalu- 
ation at 2 weeks and again at 6 to 8 weeks showed a significant decrease 
in stool frequency and improvement in stool consistency. The children in 
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group B showed no change in stool patterns. Three patients in group A 
were consuming large volumes of water alone, indicating that high osmo- 
lality may not be an important cause of diarrhea in many patients. The 
authors concluded that the absorptive capacity of the intestinal tract can 
be exceeded by intakes greater than 200 ml/kg/day and that careful atten- 
tion should be given to the volume of intake as well as the type of fluid. 


Decrease in Fat Intake 


A retrospective study® divided patients with chronic nonspecific diarrhea 
into four groups: I, low fat (27% of total calories); II, low fat and marginal 
calories; and III and IV, normal intakes. Daily fat consumption was in- 
creased to 4.5 to 6.0 gm/kg/day in the first three groups, and this dietary 
change was associated with resolution of frequent stools. The authors 
stated that dietary carbohydrate, fiber, and caloric content did not appear 
to have as significant a role as fat intake (at least 4 gm/ka/day). Unfortu- 
nately, the test diets of their patients were not isocaloric to the original 
intake. Hence, the improvement may have resulted, at least in part, from 
a concomitant decrease in carbohydrate and fiber. The mechanism re- 
sponsible for improvement after ingestion of increased fat was not clear, 
but probably related to slowing of intestinal motility and delay in gastric 
emptying. Different results were noted in a more recent prospective study” 
to determine the effect of basal fat consumption (either 25% or 50% of 
total calories as fat) on nonspecific diarrhea in a small group of children 
who were evaluated after an observation period prior to the initiation of 
dietary changes. The authors discovered no association between low-fat 
diets and chronic nonspecific diarrhea because of their inability to find a 
significantly low-fat intake prior to initiating dietary intervention. This spon- 
taneous resolution of the diarrhea precluded an assessment of the effect of 
altering fat intake on stool frequency. 


Unsuspected Carbohydrate Malabsorption 


Significant loss of absorptive surface area may occur after viral gastroen- 
teritis with consequent impairment of disaccharidase activity, especially lac- 
tase. Secondary lactose malabsorption may persist for many months fol- 
lowing acute infectious enteritis.‘° Osmotic diarrhea occurs because the 
undigested carbohydrate stimulates secretion of large volumes of luminal 
water with subsequent gut distention and increased intestinal motility. Co- 
lonic bacterial fermentation of undigested sugar accentuates this osmotic 
trapping of water. A fecal pH (<6.0) detects the presence of fermentation 
products and a stool reducing sugar of 0.5% indicates carbohydrate mal- 
absorption. The breath hydrogen test is the most accurate noninvasive 
study to identify a more subtle sugar absorption problem."! 

Congenital sucrase-isomaltase deficiency ? has not been reported in chil- 
dren with chronic nonspecific diarrhea. In a recent large study, 75% of 31 
Greenlandic children with sucrose malabsorption were reported to be mal- 
nourished, and many were dehydrated at admission to hospital. ee 
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A few young infants may not be able to handle glucose polymers during 
recovery from acute enteritis, which is more persistent and ultimately be- 
comes more chronic. Since glucose polymers are now the major source of 
carbohydrate in semielemental formulas (i.e., Pregestimil), chronic diarrhea 
may become a more frequently recognized problem. In contrast to pan- 
creatic amylase, which is reduced in early infancy, mucosal glucoamylase 
is present in relatively high concentrations even in premature infants. !* The 
glucose polymers are at least 50% short-chain oligosaccharides that are 
hydrolyzed by mucosal glucoamylase; they also consist of long-chain oli- 
gosaccharides that require pancreatic amylase for digestion. Hence, intes- 
tinal mucosal injury in early infancy could potentially lead to glucose poly- 
mer (e.g., corn syrup solids) intolerance and persistent diarrhea. A 
malnourished infant has been described with documented mucosal injury, 
pancreatic amylase deficiency, and suspected (but unproven) glucoamy- 
lase deficiency.! 

Complex carbohydrates may be incompletely digested and absorbed 
even by a normal small bowel; the carbohydrates present in wheat, oat, 
and rice flour are documented examples.’® Sorbitol ingestion may be an- 
other cause of unexplained diarrhea in infants and young children. This is 
a sweet-tasting nonreducing sugar that is used as an “‘inert ingredient” in 
some medication’’ and as a sugar substitute in certain candies and “sug- 
arless” gums,’® and it is found in high concentrations in processed apple 
juice. One piece of gum may contain as much as 2 gm sorbitol, a sugar 
that is poorly digested in the small intestine and finally metabolized to fruc- 
tose. Activated charcoal is commercially available suspended in sorbitol, 
which improves its palatability and acts as a cathartic.!? A 70% sorbitol 
solution provides approximately 110 gm sorbitol per 150 ml (30 gm char- 
coal) packaged container with an osmolarity of greater than 1,000 mOsm/ 
L. Charcoal preparations with any concentration of sorbitol should be used 
with caution in infants. 


a 


Chronic ‘‘More Specific’ Diarrhea 


Acute diarrheal disease is a common occurrence among infants and young 
children. The acute episode resulting from viral and bacterial infections is 
usually self-limited; however, some children have persistence of diarrhea 
Or a postgastroenteritis syndrome. This syndrome is not well understood; 
it certainly is related to well-documented, regularly occurring lactose intol- 
erance. Furthermore, transient protein intolerance, intestinal dysmotility, 
and small bowel bacterial overgrowth may be additional factors responsi- 
ble for the pathogenesis of persistent diarrhea in some of these otherwise 
healthy children. Allergic gastroenteropathy, iatrogenic diarrhea, and laxa- 
tive abuse are also reviewed as “‘more specific” causes for persistent diar- 
rhea in young children. 
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es 
Postgastroenteritis Syndrome 


Transient Protein Intolerance 


There may be a relationship between severity of intestinal epithelial cell 
damage, existence of protein intolerance, and occurrence of carbohydrate 
intolerance. The permeability of the intestine has been studied with simul- 
taneous use of two low-molecular-weight sugars, lactulose, and rham- 
nose.'? These sugars differ in their mucosal permeation. Lactulose resists 
intestinal hydrolase activity and is not absorbed by normal enterocytes, 
whereas rhamnose normally permeates the intact intestinal epithelial cell 
more readily.‘? After analysis of lactulose/rhamnose excretion ratios, chil- 
dren with acute gastroenteritis had a greatly increased permeability. Chil- 
dren retested 3 to 16 weeks after complete recovery from their acute dis- 
ease had normal permeability; in contrast, children with chronic diarrhea 
also had increased permeability, but significantly less than children in the 
acute gastroenteritis group. The authors concluded that intestinal sugar 
permeability is a reliable and useful index of mucosal integrity in that ab- 
normal proximal small intestinal morphology was associated with increased 
permeability. 

In an earlier study, cow’s milk protein was shown to have a deleterious 
effect on the small intestinal mucosa of infants recovering from acute en- 
teritis.2° Because these patients had acquired carbohydrate intolerance, it 
was suggested that the management of infants with acquired sugar mal- 
absorption should include temporary dietary exclusion of the offending 
sugar and protein. Also, it was speculated that acute infectious enteritis 
may play a role in the genesis of cow’s milk protein enteropathy. 


Intestinal Dysmotility 


Undigested carbohydrates cause large volumes of water to enter the intes- 
tinal lumen. In addition to enterocyte damage, fluid distention of the bowel 
stimulates more active intestinal motility and consequent shortening of 
transit time. This increase of bowel activity has always been considered an 
important defense mechanism; however, more recent recognition of dis- 
ordered small intestinal motility patterns may eventually lead to modifica- 
tion of this generally accepted concept. Upper small intestinal motility was 
studied in children with suspected intestinal pathology (but subsequently 
discovered to be normal) and proven gastrointestinal disease and in those 
with “toddler” diarrhea (chronic nonspecific diarrhea).° Migrating motor 
complexes (MMCs) were seen as bands of high amplitude rhythmic pres- 
sure waves that propagated from duodenum to the jejunum. The authors 
tested the ability of intravenous cholecystokinin or intraduodenal dextrose 
to disrupt the MMC activity front in these children. Disruption of MMCs by 
eating is well described, and their major function may be removal of intes- 
tinal contents following absorption of nutrients.*? Cholecystokinin has been 
considered one of the candidate gut hormones responsible for the change 
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in fasting to the postprandial pattern of motility.2” The characteristics of the 
MMCs in the three groups of children did not differ except for their re- 
sponse to dextrose.° Major differences were noted between children with 
nonspecific toddler diarrhea and controls. The entire group with nonspe- 
cific diarrhea failed to normally disrupt their MMCs in response to duo- 
denal dextrose (food was not tested). The reasons for this failure were 
unclear, but it was speculated that this lack of MMC disruption may indi- 
cate a generalized dysmotility pattern. Failure of normal intestinal motor 
responses may prove to play a major role in the pathogenesis of nonspe- 
cific (and more specific) diarrhea. 


Small Intestinal Bacterial Overgrowth 


The small intestine proximal to the distal ileum is normally sparsely popu- 
lated with bacteria. The normal flora of the upper small bowel includes no 
more than 10* organisms/ml of duodenal or jejunal aspirate. These organ- 
isms are primarily gram positive staphylococci, streptococci, lactobacilli, 
and some fungi. Aerobic coliforms and anaerobes are almost never dem- 
onstrated in the absence of an anatomic lesion or motility disorder of the 
intestine. In addition, the presence of unabsorbed carbohydrates in the gut 
lumen enhances the proliferation of bacteria.** Bacterial proliferation may 
be especially prominent in children with acute diarrheal disease.2*2° The 
significance of increased bacterial numbers and types of organisms, includ- 
ing Escherichia coli, is not certain. It is clear, however, that the intestinal 
bacterial flora can be easily disturbed.24 More common enteropathogens 
such as Shigella and Salmonella are also found in the upper small bowel 
during acute disease.”’ Bacteroides species have been identified in signifi- 
cant concentrations in normal children with acute diarrhea.”° In this latter 
study, no differences were found in the duodenal microflora to help distin- 
guish infants with more chronic diarrhea (greater than 7 days in the hos- 
pital) from those who experienced an earlier resolution of the diarrhea. , 
The diagnosis of small intestinal bacterial overgrowth is usually by cul- 
ture of abnormal bacteria in the duodenal or jejunal fluid. In a more recent 
study, unsuspected bacterial contamination of the small bowel was diag- 
nosed in children with chronic diarrhea by the noninvasive method of 
breath hydrogen (Hg) testing.*8 Significant concentrations of Pseudomonas 
and Bacteroides were cultured from duodenal aspirates. The patients were 
lactose intolerant with sucrose intolerance noted in 50% of the patients. 
Deconjugated bile acids were not detected in the duodenal fluid of any 
patient. In children with positive duodenal aspirate cultures, the 
fasting breath Hp level was elevated; this was followed after 1 hour by a 
sustained rise in Hz as unabsorbed carbohydrate reached the colon. The 
authors suggested that these findings may be useful for detecting the pres- 
ence of bacterial overgrowth.”® As indicated by the breath Hp results, di- 
etary modification with lactose and sucrose withdrawal was the initial treat- 
ment in all appropriate patients. When dietary restriction alone did not 
cause cessation of symptoms, all patients responded to oral antibiotic ther- 
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apy. The interesting findings of this study should heighten suspicion of 
bacterial overgrowth in infants and young children with chronic diarrhea, 
especially those who have been unresponsive to elimination of dietary car- 
bohydrates. 

An elegant scanning electron microscopy (EM) study by Poley”? adds 
further credence to the concept of bacterial overgrowth in young children 
with chronic diarrhea. The following EM findings were noted in the vicinity 
of microorganisms: (1) breaks in the surface coat of microvilli, (2) loss of 
glycocalyx, and (3) rare mucosal microulcerations. Whether abnormal 
small intestinal bacteria play any significant role in the pathogenesis of per- 
sistent diarrhea in children remains to be determined. Furthermore, the 
pathophysiologic consequences of bacterial overgrowth are also uncertain, 
such as (1) stimulation of fecal water and electrolytes by secretagogues, 
e.g., deconjugated bile acids and hydroxy fatty acids, (2) deconjugation of 
bile salts potentially leading to fat malabsorption via decreased micellar 
solubilization, and (3) vitamin B12 malabsorption. 





Allergic Gastroenteropathy 


The manifestations of cow’s milk allergy are protean and usually occur 
before 6 months of age. The diarrhea may be mild and nonspecific, but it 
tends to be more intractable, which usually refers to a patient with mal- 
nutrition and failure-to-thrive. Children sometimes develop anemia with 
blood in stools, edema, and protein-losing enteropathy”°; or diarrhea with 
pneumonitis, pulmonary hemosiderosis, and iron deficiency.*! In one 
study of children with recurrent nonspecific diarrhea, there was a high in- 
cidence of food allergy.°* (This is discussed in detail in the chapter by 
Lemanske and in references 33 to 48.) 


Iatrogenic Diarrhea 


The most notable culprits in iatrogenic diarrhea are drugs. Antibiotics fre- 
quently cause simple acute diarrhea, but the process may become chronic 
because of disruption of the normal intestinal bacterial flora and the poten- 
tial for emergence of resistant organisms or bacterial overgrowth. In child- 
hood, even the more severe problems of pseudomembranous colitis can 
present as mild, chronic diarrhea.*? It may be caused by any antibiotic, but 
clindamycin and ampicillin have been most frequently associated with this 
entity. The discovery of fecal leukocytes should prompt a sigmoidoscopic 
examination to look for typical pseudomembranes iin any child whose di- 
agnosis is considered in doubt.*? Lactulose and laxatives induce diarrhea 
as part of their therapeutic action; a dose-dependent side effect of mag- 
nesium-containing antacids is diarrhea. A careful history of drug ingestion 
should be taken of every patient with diarrhea and the offending agent 
discontinued if at all possible. Child care providers should also be precise 
about “‘clear liquid’’ recommendations for their patients with diarrhea. This 
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is especially important in terms of hyperosmolar fluids such as pineapple 
juice (900 mOsm/L) and apple juice (650 mOsm/L). 


Laxative Abuse (Munchausen’s Syndrome By Proxy) 


Surreptitious laxative abuse should always be considered as a possible 
cause for chronic diarrhea in the child without a clear explanation for the 
loose motions.°° The patient is usually healthy appearing; the parent is 
always helpful and grateful—perhaps almost too willing to accept the 
child’s symptoms. The diagnosis of Munchausen’s syndrome by proxy is 
one of exclusion and requires a high index of suspicion. Detecting the 
presence of phenophthalein, an ingredient in many laxatives, is easily ac- 
complished by alkalinization of a stool sample (turns pink) with sodium 
hydroxide. A urine screen may detect metabolites of laxatives that do not 
contain phenophthalein. Management is always difficult and requires psy- 
chiatric consultation. 


ee. 


Day-Care Center Diarrhea 


Families have changed: more mothers are working and more young chil- 
dren are being cared for outside the home. Infants and young children 
make up an increasing percentage of the estimated 2 million children at- 
tending DCCs. These centers should be recognized as special epidemio- 
logic environments because they have a unique set of risk factors promot- 
ing disease transmission.°) 52 Pediatricians, social scientists, and health 
policy makers have been increasingly concerned about mounting evidence 
that DCCs significantly impact on the frequency of infectious illnesses not 
only in children, but also in day-care staff and household contacts. 


Epidemiology : 
Enteric infections represent the largest and most well-defined infectious dis- 
ease problem in DCCs. The most frequent modes of spread are the fecal- 
oral route (person to person) and fomite contamination, e.g., toys. Food- 
borne and waterborne spread is less common. Features of DCC infections 
include the following®?: (1) all organisms cause discrete outbreaks that may 
last for months; (2) diseases are spread most easily among young children 
(less than 3 years of age) because of diapers, lack of toilet training, and 
high frequency of oral activity; and (3) prevention depends on mainte- 
nance of maximal hygienic standards. 


Enteric Infections in Day-Care Centers 


The first large report was a 19-month prospective study of children attend- 
ing 20 DCCs in Houston.** Nine centers had 15 outbreaks of diarrhea; an 
enteropathogen was identified in all outbreaks. Shigella was detected in 
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five, rotavirus in two, Giardia in one, and in the remaining seven multiple 
pathogens were identified. Rotavirus and Giardia occurred only in children 
less than 3 years of age. The family member secondary attack rate was 
11% in six centers; the organisms were Shigella, 26%; rotavirus, 15%; and 
Giardia, 17%. The message was clear, that is, significant spread does occur 
from preschool children to the community at large. Observations of prac- 
tical significance that emerged from this study were the following: (1) for 
all outbreaks, children with diarrhea continued to attend the DCC; (2) iso- 
lation rooms for ill children were generally not available; (3) teachers sel- 
dom washed their hands between infants; and (4) parents would often 
deny that their children were symptomatic. 

To clarify the prevalence, clinical significance, and epidemiology of in- 
testinal parasites in DCCs, a survey of 22 centers in Toronto was at- 
tempted.°° There were between 17 and 140 children in the centers sur- 
veyed; the children’s staff and families completed a questionnaire and 
submitted stool samples for testing. A total of 900 children and 146 staff 
participated; overall, intestinal parasites were identified in 19% of the chil- 
dren and 14% of the staff. Giardia and Dientamoeba fragilis accounted for 
most of the parasites detected. Dientamebiasis was associated with cat 
ownership. Symptoms were not correlated with infection; approximately 
20% of the uninfected and those with the aformentioned parasites were 
asymptomatic. It was suggested that drug therapy should be reserved for 
symptomatic patients and perhaps asymptomatic food handlers.°° 

Another prospective study was a 2-year assessment of diarrheal illness 
in infants and young children in 22 DCCs in Arizona.*° In 7,464 child- 
months of observation, 465 sporadic cases and 170 outbreak-associated 
cases were identified (18 outbreaks in 2 years). Pathogens were discovered 
in 20% of the diarrheal episodes, mainly rotavirus, Giardia, and Campy- 
lobacter. As noted in previous studies, giardiasis was more common in 
toddlers and noted in 19% of asymptomatic child contacts. The rotavirus 
infection rate was significantly higher in infants than in toddlers. The find- 
ings also suggested that children in DCCs have a significantly higher rate 
of diarrheal illness than do those cared for in the smaller group setting of 
day-care homes (with four to fewer children) or at home.*’ Like the Hous- 
ton study,°* it was found that the rate of diarrhea in DCCs was lower in 
the second year of observation. The continuing contact with health person- 
nel probably increased awareness of disease control in the centers, espe- 
cially better hygiene such as child and staff hand-washing. 

Unlike Shigella,>* °° Salmonella*® infections have rarely been docu- 
mented in DCC outbreaks. There has been one reported outbreak of en- 
teropathogenic E. coli-induced diarrhea in an infant and toddler center.°? 
E. coli may be a more important cause of diarrhea in DCCs than is gen- 
erally recognized because this enteropathogenic organism is not routinely 
sought by most laboratories. An outbreak of Cryptosporidium-induced 
diarrhea has been noted in a DCC in immunocompetent children. The 
organism was found in the stool of 65% of symptomatic children com- 
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pared with 11% of asymptomatic children. Treatment does not seem to be 
indicated in the immunocompetent host. 


Approach to Prevention of Infection in Day-Care Centers 


The roles of the community health department, physician, day-care pro- 
vider, and parents need to be defined. There should be promulgation of 
uniform and acceptable local and state regulations. The physician must 
always notify the DCC and local health department when a significant 
pathogen is identified.°’ Day-care providers must establish and enforce 
health policies. It is the parent’s responsibility to understand the rules of 
the DCC, to learn about possible disease transmission, and to support 
measures necessary to decrease the spread of disease. 

Practical infection control measures © include (1) education of DCC 
staff especially with regard to the importance of hand-washing, (2) super- 
vision by the DCC staff on the use of toilets and hand-washing by children, 
(3) exclusion from DCC of children with suspected or proven infectious 
disease, (4) adherence to recommended student to teacher ratios, (5) 
ready availability of a health coordinator and written health guidelines, and 
(6) exclusion of new children from a DCC during an outbreak. 
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The therapeutic objective in the treatment of fluid and electrolyte imbal- 
ances in infants and children is to restore normal physiologic homeostasis. 
To achieve this goal, recognition of the process of growth and develop- 
ment with regards to the changes in body composition, metabolism, and 
regulatory mechanisms is required. This review provides a practical ap- 
proach to the clinical management of infants after the newborn period and 
children with disorders of fluid and electrolyte homeostasis. First, the nor- 
mal requirements of water and electrolytes for maintenance of body com- 
position during development are presented to serve as a guideline for the 
formulation of parenteral therapy. The subsequent sections address the 
pathophysiology underlying specific disorders of water and electrolyte ho- 
meostasis. The clinical and laboratory assessment of each disorder is em- 
phasized and the appropriate therapeutic regimen is outlined. 


a  — 
Normal Maintenance Requirements 


Maintenance therapy is the replacement of water and electrolytes normally 
lost through respiration, evaporation from the skin, urinary excretion, and 
the gastrointestinal tract.” 2 The goal of this therapy is to provide these 
requirements, as well as substrate for nutrition, in a form that places mini- 
mal stress on renal function and prevents significant endogenous protein 
catabolism and ketosis. Treatment is aimed at the pediatric patient who 
Adv Pediatr 35:497-536, 1988 497 
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may have no history of abnormal losses of water and electrolytes, termed 
deficit losses, but who is temporarily prevented from ingesting a normal 
oral intake. For example, parenteral maintenance therapy is indicated for 
the preoperative or postoperative patient. Alternatively, maintenance ther- 
apy is part of the total parenteral fluid treatment of a patient with sustained 
losses of body water and electrolytes during an episode of severe gastroen- 
teritis. 

While maintenance fluid and electrolyte requirements of infants and chil- 
dren are based on metabolic activity,” deficit therapy is more closely re- 
lated to body weight* and is used to estimate the replacement of losses. It 
accounts for body deficits of water, sodium, potassium, chloride, base, and 
nutrition. 

In estimating adequate fluid and electrolyte therapy, it is important to 
consider the imrnaturity of renal function in the young infant. The postna- 
tal maturation of renal function is characterized by increases in the rates of 
renal blood flow, glomerular filtration, and tubular function.° The glomer- 
ular filtration rate per 1.73 sq m remains low during the first several years 
of life, but adequate to excrete the solutes found in breast milk and for- 
mulas. Infants have a limited ability to excrete a sodium or water load, or 
maximally concentrate the urine. Administration of excess hypotonic fluids 
result in a fluid overloaded, hypoosmolar state. Alternatively, inability to 
maximally concentrate the urine in the presence of abnormal losses of 
water through evaporation, the gastrointestinal tract, or excessive renal sol- 
ute loads predisposes the infant to hyperosmotic disorders. 

Concomitant with the maturation of the renal regulatory systems gov- 
erning water and electrolyte homeostasis are developmental changes in the 
distribution and composition of the body compartments. Combined with 
the increased metabolic requirements of water, electrolytes, acid, base, and 
calories, the infant and small child are vulnerable to disorders of fluid and 
electrolyte homeostasis when the normal balance is compromised.°® ; 

Underlying the principles governing water and electrolyte homeostasis 
are the composition and metabolic turnover of the major body compart- 
ments. The body mass is comprised of a fluid phase, or total body water 
(TBW) that is distributed as extracellular fluid (ECF) and intracellular fluid 
(ICF), and a solid phase consisting of tissue cells, bone, and fat. This dis- 
tribution in a fat-free infant is illustrated in Figure 1.” During development, 
significant changes occur in the TBW and body compartments as fat, skel- 
etal and muscle content contribute more to the total body mass (Table 
1) 

The composition of the fluid and solid phases of the body is illustrated 
in Figure 2. It is evident that despite differences in the ionic composition 
of the various body fluid compartments, the osmolality within these com- 
partments is equal. Mechanisms responsible for this osmolar equilibration 
involve selective membrane permeabilities of the different compartments 
and active transport processes. These factors determine the movement of 
water throughout the compartments during states of altered body fluid os- 
molality associated with disorders of fluid and electrolytes. 
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ALIMENTARY TRACT 
TCW=I%LBM 


<— PLASMA 6% LBM — QB FIG 1. 
LUNGS -ECF--------|----}--- KiDNEY Body fluids in the infant as a 
INTERSTITIAL FLUID proportion of the lean body mass 
19% LBM | SKIN. (LBM), showing the rapid movement 
of water molecules (arrows) among 
compartments. Transcellular water 
(TCW) is comprised of that in 
alimentary and urinary tracts as well 
as inaccessible cartilage and bone 
water. Cerebrospinal fluid is included 
in interstitial fluid. ECF = 
extracellular fluid; ICF = intracellular 
Peet Reet Weel. 
— Electrolytes in Pediatrics, Physiology, 
Pathophysiology and Treatment. 
Philadelphia, WB Saunders Co, 
1982. Used by permission.) 
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LEAN BODY MASS (FAT FREE) OF INFANT 


The process of growth requires a higher metabolic rate per unit body 
weight and is most obvious during the first 2 years of life.4 Water require- 
ments are related to energy metabolism and are due to loss of water 
through heat production. Body mass and surface area are important fac- 
tors determining heat production and heat loss, 7 and a relationship can be 
made between body weight and caloric expenditure.’ The infant’s surface 


a 


TABLE 1. 
Changes in Total Body Water (TBW) and Body Compartments During 
Development 


TBW Extracellular fluid Intracellular Fluid 

Age (% Body Weight) (% Body Weight) (% Body Weight) 
Premature 75-80 
Newborn IW=715 50 35 
1 year 65 25 40-45 
Adolescence 

Males 60 20 40-45 

Females 55 18 40 
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lonic profiles of body fluids: approximate representation of cations and anions of 
the three principal body fluid compartments. All are electrically neutral and have 
same osmolality despite differences in total charges. Shaded areas represent large 
molecules or bound ions whose osmolal contribution (mOsm/kg) is much smaller 
than their electrical charge but which are of importance to the distribution of ions 
because of their impermeability. ECF = extracellular fluid; ICF = intracellular 
fluids. (From Finberg L, Kravath RE, Fleischman AR (eds): Water and Electrolytes 
in Pediatrics, Physiology, Pathophysiology and Treatment. Philadelphia, WB Saun- 
ders Co, 1982. Used by permission.) 


area to mass ratio is fivefold greater than that of the adult, and it must 
produce more heat per unit mass to remain in thermal balance. 

These considerations provide the empiric foundation for the major fluid 
and electrolyte regimens used in the calculation of maintenance therapy. 
They differ since they are based on either the caloric expenditure, body 
surface area, or body weight. Estimates based on surface area are good 
regardless of body size, and in children with normal height for weight re- 
lationships, weight alone can be used to estimate the surface area.” How- 
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ever, the relationship between surface area and metabolism is variable in 
premature and newborn infants. Methods based on the body weight re- 
quire a reduction in dose with increasing age and size. 

It is convenient to relate maintenance metabolic water losses in milliliters 
to energy expended in calories,? with 1 ml of water being lost for each 
calorie metabolized. Calories expended, in turn, can be related to the body 
weight at any particular age. These metabolic water losses are comprised 
of water lost from the body as insensible, urinary, and that found in stool. 
The relationship also considers factors that may alter the metabolic rate. 

Evaporative water losses through the skin and respiration comprise in- 
sensible losses of electrolyte-free water. Under the normal baseline state, 
these values approximate 30 and 15 ml/100 calories expended, respec- 
tively. Skin losses increase with caloric expenditure as in muscular activity 
or shivering, as does the electrolyte content of sweat. For each degree 
Centigrade elevation in body temperature above normal, there is a 10% 
increase in caloric expenditure.'° A high environmental temperature in- 
creases water loss while an elevated ambient humidity decreases water 
dissipation from the skin and lungs. Lung losses vary with the respiratory 
rate. The water lost as obligatory urine output is a consequence of the 
renal excretion of waste products of protein metabolism as urea, and other 
electrolyte salts. The final urine osmolality reflects the renal solute load of 
osmotically active particles as well as the kidney’s reabsorption or excretion 
of salt and water. These losses approximate 50 ml/100 calories expanded 
provided the urine osmolality is isoosmotic and equal to that in the ECF. 
Fluid therapy based on the aforementioned requirement will place minimal 
osmotic work on the kidneys. An additional 5 ml/100 calories is obligated 
in stool water. Thus, a total of 100 ml/100 calories expended accounts for 
the maintenance water losses under baseline conditions. 

When calculating normal maintenance water requirements, allowance 
should be made for endogenously generated water, especially in the pres- 
ence of renal failure or congestive heart failure. One source of endogenous 
body water is oxidation of carbohydrate or fat, which yields carbon dioxide 
and water. The water of oxidation averages 12 to 17 ml/100 calories me- 
tabolized. Another source, called preformed water, approximates 3 ml/100 
calories and is derived from tissue catabolism during disease states. If 
sweating is minimal, then sweat and stool losses are roughly balanced by 
these endogenous sources. 

Maintenance requirements for electrolytes are part of the parenteral 
therapy needed to maintain body fluid homeostasis. The electrolyte intake 
of normal infants can be expressed in terms of caloric intake or expendi- 
ture. Human milk provides 1.0 to 1.5 mEq/100 calories of sodium and 
potassium, while cow’s milk contains two to three times this quantity.’ A 
generous estimation for electrolyte maintenance therapy is 2.5 mEq of so- 
dium and potassium per 100 calories expended given as the chloride 
salts.!? Exceptions include unusual ongoing losses of electrolytes via sweat- 
ing, vomiting and diarrhea, surgical drainage tubes, burns, diuretic therapy, 
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TABLE 2. 
Maintenance Water and Electrolyte Requirements Based on 
Caloric Expenditure 





Calories 
Body Weight Expended Water Required Electrolytes Required 
(kg (calories/kg/day*) (ml/100 calories/day) (mEq/100 calories/day) 
3-10 100 Insensible Na =2.5-3.0 
Skin = 30 
Lungs=15 K=2.0-2'5 
10-20 1,000 calories + Renal =0 Gla 20 
50 per each Stool =5 
kg>10 
>20 1,500 calories + 
20 per each kg 
>20 


Total = 100 ml/100 cal 


*Assuming that normal maintenance water requirement is 100 ml/100 calories, calculate 
maintenance fluid directly in ml/kg. 
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and renal electrolyte losing disorders. Determination of the electrolyte 
composition of abnormal fluid losses is required to arrive at appropriate 
parenteral therapy. 

One can estimate the daily maintenance requirements for water, electro- 
lytes, and nutrition by calculating the caloric expenditure. This is illustrated 
in Table 2 assuming basal metabolic expenditure is increased only slightly 
during bed rest. Metabolic activity, and therefore caloric requirements, 
change with stress so that these factors (e.g., fever, surgery, exercise, 
burns, diabetes insipidus) as well as factors that increase gastrointestinal or 
sweat losses need to be taken into account and water requirements ad- 
justed accordingly. Table 3 shows maintenance requirements based on 
body surface area. 

The nutritional component of maintenance therapy provides substrate 
for metabolism. Optimal nutritional therapy provides an equal number of 
calories for those expended. However, for short-term maintenance therapy 
in a previously well-nourished infant or child, a combination of parenteral 
nutrition and the patient’s own fat stores are adequate to prevent signifi- 
cant ketosis and tissue catabolism. This is accomplished by administering 
sufficient glucose equal to approximately 20% of the total caloric expen- 
diture, or 5 gm of glucose per 100 calories expended (60 gm sq m/day). 
In the event of a more chronic condition, especially in the undernourished 
child, nutritional therapy should provide the required calories via paren- 
teral and/or enteral administration of carbohydrate, fat, amino acids, min- 
erals, and vitamins. 
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An appropriate solution for average maintenance therapy contains 25 to 
30 mEq/L of Na and 20 mEq/L of K as the chloride salts in 5% dextrose 
and water. This solution can be modified to meet unusual requirements 
for water and electrolytes as needed. 


—————— 
Dehydration 


Dehydration can be simply defined as negative body fluid or water bal- 
ance. The assessment of the degree of diminution of body fluids is made 
by both subjective and objective criteria. The clinician formulates a thera- 
peutic plan based on the degree of dehydration, nature of resultant body 
fluid osmolality (isotonic, hypotonic, hypertonic), and size of the child. 

Negative water balance occurs by a decreased intake or increased loss 
of fluid. 

Dehydration due to inadequate intake is primarily caused by unreplaced 
normal insensible water loss. Examples include anorexia; dysphagia; co- 
matose state; and infants or patients who are debilitated, restrained, or 
with impaired thirst. 

Increased loss occurs with excessive insensible water loss (e.g., burns, 
cystic fibrosis, sweating, fever, increased ambient temperature, and hyper- 
ventilation) and urinary or gastrointestinal diseases. Infants and children 
with tracheostomies have an increased pulmonary water loss due to a re- 
duction in the dead air fraction of the tidal volume.’ It has been estimated 
that patients with moderate sweating lose between 400 and 2,000 ml of 
water per sq m per day with a sodium concentration of only 10 to 30 
mEq/L.'* In contrast, sodium losses in children with cystic fibrosis may 
vary between 50 and 130 mEq/liter.!° 

Increased renal water loss occurs secondary to osmotic diuresis, central 
diabetes insipidus, impaired tubular response to antidiuretic hormone, and 
sodium-wasting conditions. The osmotic diuretic, mannitol, may increase 
the urine output to 10 ml/min with sodium and potassium concentrations 
of 90 and 15 mEq/L, respectively.!© The states associated with excessive 
water loss from renal tubular dysfunction include chronic pyelonephritis, 
recovery or diuretic phase of intrinsic acute renal failure, diuretic period 
that follows relief of urinary tract obstruction, hypokalemia, hypercalcemia, 
sickle cell disease, or congenital renal disease. 

Gastrointestinal water loss from diarrheal disease is the most common 
cause of dehydration in infants and children. Ileostomy losses and vomiting 
are also frequent in the pediatric population. The pathophysiology and 
treatment of dehydration secondary to diarrhea is the main focus of this 
section. 

Classically, dehydration has been divided into three types based on the 
serum sodium concentration. Isonatremic dehydration is present when the 
serum sodium concentration is normal (130 to 150 mEq/L): hyponatremic 
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dehydration when the serum sodium concentration is less than 130 mEq/ 
a hypernatremic dehydration when the serum sodium exceeds 150 
mEq/L. 

In general, fluid losses in dehydration are hypotonic compared to the 
ECF. However, all three types of dehydration can be generated from the 
same type of fluid loss. In isonatremic dehydration, there is an equal loss 
of sodium and potassium. The potassium deficit is the result of losses from 
the ICF, whereas the sodium deficit is from the ECF. However, a portion 
of the sodium loss is the result of movement to the ICF to compensate for 
the potassium loss to maintain electroneutrality. The resultant body fluid 
composition is isotonic with no significant change in extracellular fluid os- 
molality. Since there is no osmolar gradient between the ECF and ICF, 
the volume deficit is entirely from the ECF. 

In hypotonic dehydration, there is a proportionally greater loss of so- 
dium and potassium compared to fluid loss. This initial fluid loss reduces 
the volume and osmolality of the ECF below that of the ICF. Because of 
this osmolar gradient, fluid moves from the ECF to the ICF. This readjust- 
ment has two major effects: (1) both the ECF and ICF become hypotonic; 
and (2) ECF volume is reduced at the expense of ICF expansion. This 
ECF reduction is larger than would be expected from the disease-associ- 
ated losses. This severe contraction in ECF volume increases the likelihood 
of underperfusion to the vital organs. 

In hypertonic dehydration, there is a proportionally greater loss of fluid 
than electrolytes. Due to the fluid losses, the ECF is initially contracted and 
hypertonic. To maintain osmolar equilibrium, fluid moves from the ICF to 
the ECF. The end result is a hypertonic ECF and ICF. This relative expan- 
sion of the ECF volume may lead to an underestimation of the degree of 
dehydration. Based on this consideration, the clinical assessment and man- 
agement need to be modified to account for variations in the serum so- 
dium concentration. 





Clinical Assessment 


It is essential to obtain a complete history to document the voiding history 
(wet diapers, etc.) and the type, volume, and frequency of the abnormal 
losses. It is equally important to document the type, volume, and fre- 
quency of oral replacement fluids consumed prior to the hospital visit. An 
estimate of the degree of dehydration is best made by determining the 
weight loss associated with the illness. Knowledge of the pre-illness weight 
and the patient’s admission weight permits an estimate of the fluid losses. 


Pre-illness | Admission 
Weight — Weight 
i = ess X 100% 
Degree of Dehydration (%) Bre anceeweicht 6 


All the other symptoms and signs of dehydration are only reasonable 
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assessments largely influenced by interobserver variation (Table 4), but are 
all that may be available in the absence of reliable measurements of the 
pre-illness weight. In mild dehydration, the blood pressure and pulse are 
normal. Other symptoms and signs of dehydration are usually absent. In 
moderate dehydration, the pulse rate is increased but the blood pressure 
is usually normal, although postural hypotension may be present. In chil- 
dren under 18 months of age, the anterior fontanelle may be sunken. 
Other key findings are the lack of tears, sunken eyes, dry mucous mem- 
branes, and decreased abdominal skin elasticity. Skin elasticity is detected 
by retraction of the abdominal skin when pinched with the thumb and 
index finger. In contrast, turgor is related to normal capillary filling after 
pinching the skin. Decreased turgor is associated with significant circulatory 
or intravascular compromise. 

Patients with severe dehydration have circulatory collapse with signifi- 
cant central nervous system compromise ranging from lethargy to coma. 
The extremities are cool and may be cyanotic. The pulse is rapid and 
thready, and the blood pressure is low for age (systolic usually under 80 
mmHg). The fontanelle is severely depressed. Tears are absent and the 
eyes are sunken with prominent dark rings. Severe dehydration mandates 
aggressive intravenous administration of a plasma expander to prevent sig- 
nificant low perfusion injury to the brain, liver, and kidneys. 

Certain key physical findings permit the differentiation of the type of 
dehydration (Table 5). With equivalent degree of dehydration, the child 
with hyponatremic dehydration has a proportionately lower intravascular/ 
extracelluar fluid volume than in isonatremia or hypernatremia. This will 
be associated with earlier circulatory compromise compared with the other 
types of dehydration. In hypernatramic dehydration, the child may appear 
lethargic while lying on the examining table, but becomes hyperirritable 
when aroused. In addition, the skin feels velvety or doughy. Many patients 
with moderate to severe dehydration may have nuchal rigidity suggesting 
meningeal infection. i 





Therapy 


The treatment plan for dehydration is formulated at the time of clinical 
assessment. Phase I or emergency therapy is directed to restore intravas- 
cular volume (Fig 3). The choice of fluid consists of isotonic (0.9%) saline, 
lactated Ringer’s, 5% albumin (Plasmanate), 5% dextrose with 0.45% iso- 
tonic saline, or whole blood. Isotonic saline and Ringer’s are readily avail- 
able in the emergency room. The fluid is given over 1 hour at a rate of 20 
ml/kg. If the patient is in shock, the fluid is given as rapidly as possible 
until blood pressure is normalized and the pulse becomes stronger. If the 
patient does not respond appropriately to 20 ml/kg, then an additional 
push of 20 ml/kg should be administered to restore the integrity of the 
circulation. Patients with mild dehydration do not necessarily require rapid 
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PHASE IV 


BOOY Ke 





HOURS Days WEEKS 
FIG 3. 
The chronological sequence of the four phases of fluid therapy in a patient with 
dehydration. ECF = extracellular fluid. (From Winters RW (ed): Principles of Pe- 
diatric Fluid Therapy, ed 2. Boston, Litile, Brown & Co, 1982. Used by permis- 
sion. ) 


volume expansion. However, the decision to omit phase I therapy has to 
be individualized. 

Phase II (repletion or restoration therapy) occurs over the first 24 hours 
following admission to the hospital. In most cases, this phase begins when 
the patient reaches the inpatient floor. The volume of fluid administered 
consists of the maintenance requirements plus replacement of estimated 
deficits and ongoing losses. Deficit is defined as negative balance of water 
and electrolytes that occur secondary to a disease condition. The type of 
fluid is based on the type of dehydration. However, 5% dextrose with 
0.45% isotonic saline is a satisfactory choice for most situations (see later). 
During this phase of restoring extracellular fluid volume, it is important to 
monitor serum chemistries, body weight, and urine output every 12 hours 
to constantly reassess the adequacy of therapy. 

Phase Ill coincides with the initiation of oral intake of fluids, carbohy- 
drates, protein, and fats after the first 24 hours. The body stores of potas- 
sium, fat, and protein are replenished. However, enteral therapy may not 
be possible in those children with hypernatremic dehydration due to the 
need for slow steady rehydration and those with significant ongoing intes- 
tinal losses. 


f 
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TABLE 6. 


Conditions Resulting in the Abnormal Loss of Water and 
Electrolytes* 





Na+ K+ Cl- HCO, - 
Fluid (mEq/L) (mEq/L) (mEq/L) (mEq/L) 
Sweat-heat exhaustion, fever 50 0-15 50 0 
Gastric juice 50 Seales 110 0 
Pancreatic juice 140 5 45 110 
Small bowel 140 5 110 30 
lleostomy 130 10 110 30 
Diarrhea 50-140 5-15 55-100 15=50 


*The values represent a composite from references 7, 13, 18, and 19. 





Specific Therapy for Isonatremic Dehydration 
Phase I 


20 to 40 ml/kg of isotonic saline, lactated Ringer’s, 5% albumin, 5% dex- 
trose with 0.45% isotonic saline 


Phase II 


A. Maintenance volume and electrolytes for 24 hours 
B. Calculated deficit* 
Volume = 8 ml/kg/% dehydration 
Sodium = 10.8 mEq/kg/% dehydration 
Potassiumt = 0.3 mEq/kg/% dehydration 
C. Ongoing losses (diarrhea, etc.) (Table 6)” !3 18 19 
Volume of loss in ml is added to the calculated 24-hour volume and 
administered in a similar electrolyte composition. 
The total phase II volume (maintenance + deficit + ongoing losses) is 
administered as follows: 
1. Provide 50% over the first 8 hours. 
2. Provide remaining 50% over subsequent 16 hours. 


*The calculated volume deficit assumes phase I therapy has been administered. In the case 
where phase I fluid administration is not necessary, the calculated deficit fluid should be 10 
ml/kg/% dehydration. In addition, the weight in kg is the pre-illness weight, if available. These 
deficit calculations were derived and modified from references 1, 7, and 17. 

+The calculated potassium deficit should not be given until the patient has voided. At that 
point, approximately 50% of the actual deficit is given due to the danger of large intravenous 
doses of potassium. 
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Phase III 


Begin to switch from IV to PO fluids and include any ongoing losses. 


Example 


A 5-year-old girl has dehydration secondary to diarrheal losses. Estimated 

pre-illness weight is 20 k; present weight is 18 kg. Serum sodium concen- 

tration is 140 mEq/L. Clinical assessment: 

20 kg — 18 kg 
20 kg 


Phase I 


Isotonic saline = 20 ml/kg; weight = 20 kg 
20 kg X 20 ml/kg = 400 ml over first hour 


x 100% = 10% (moderate) isonatremic dehydration 


Phase II 


A. Maintenance 
Volume = 100 ml/ka/day for first 10 ka: 
100 ml/kg x i0kg = 1,000ml 
50 ml/kg/day for next 10 ka: 
50mi/kg x 10 kg = 500 ml 
Total maintenance volume/24 hours = 1,500 ml 
Sodium = 2.5 mEq/100 calories/day x 1,500 calories/day 
1,500 ; 
100 calories X 2.5 mEq/day 
= 37.5 mEq/day 
Potassium = 2.5 mEq/100/calories x 1500 calories/day 
1,50 


,000 : 
= “00 calories X 2.5 mEq/day 


= 37.5 mEq/day 


B. Calculated dékat = a x 100% = 10% deficit 


Volume = 8 mi/kg@/% = 8 ml x 20 kg x 10 = 1,600 ml 
Sodium = 0.8 mEq/kg/% = 0.8 mEq x 20 kg x 10% 
= 160 mEq 
Potassium = 0.3 mEq/kg/% = 0.3 mEq x 20 kg x 10% 
= 60 mEq 
C. No ongoing losses 
Total 24-hour volume requirement = Maintenance + deficit = 1,500 
+ 1:6001=.35100.ml.=;3?1-L 
Total 24-hour sodium requirement = Maintenance + deficit = 37.5 + 
160 = 197.5 mEq 
Total 24-hour potassium requirement = Maintenance + deficit = 37.5 
+ 60 = 97.5 mEq 
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Solution of choice = 5% dextrose with 197.5/mEq sodium chloride/3.1 
L + 97.5 mEq potassium chloride/3.1 L = 5% 
dextrose with 64 mEq sodium chloride/L + 30 
mEq potassium chloride/L 

Final solution = 5% dextrose with 0.45% isotonic saline + 30 mEq 

potassium chloride/L 
For hours 2 to 8 = 50% of 3,100 ml = 1550 ml/7 hours = 221 ml/hour 
For hours 9 to 24 = 1550 ml for 16 hours = 97 ml/hour 


Specific Therapy for Hyponatremic Dehydration 


The plan is identical to isonatremic dehydration except that in phase II, 
additional sodium should be added to the calculated sodium deficit if the 
serum sodium concentration is less than 125 mg/dl. 

Sodium required = {Ideal plasma sodium concentration — Actual 
plasma sodium concentration) x Total body water in L/kg body weight = 
(Ideal plasma sodium concentration — Actual plasma sodium concentra- 
tion) x 0.6 L/kg body weight. 

Example 


An 8-month-old female has 10% dehydration secondary to a viral gas- 
troenteritis. Present weight is 7.2 kg; estimated pre-illness weight is 8.0 kg. 
Serum sodium concentration is 123 mEq/L. Clinical assessment: 
8.0 kg — 7.2 kg 


8.0 kg 
Phase I 


Isotonic saline = 20 ml/kg; weight =8 kg 
8 kg x 20 ml/kg = 160 ml of isotonic saline over first hour 


Phase II 


A. Maintenance 
Volume = 100 ml/ke/day = 100 ml/kg x 8kg = 800 mi/day 


Sodium = 2.5 mEq/100 calories x ~ calories x 2.5 mEq/day 
= 20 mEq/day 
Potassium = 2.5 mEq/100 calories = _ calories x 2.5 mEq/day 
= 20 mEq/day 


x 100% = 10% (moderate) hyponatremic dehydration. 


B. Deficit (10%) 
Volume = 8 ml/kg/% = 8 ml/kg X 8kg x 10 = 640 ml 
Sodium = 0.8 mEq/kg/% = 0.8 mEq/kg x 8 kg x 10 = 64 mEq 
Additional sodium = (Ideal plasma sodium — actual plasma so- 
dium) x 0.6 L/kg x kg body weight = (130 
mEq/ = 9123-mEq/)'*x° 0:6 Likg x 8’ kg 
= 33.5 mEq 
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Total sodium deficit = 64 + 33.6 = 98 mEq deficit 
Potassium = 0.3 mEq/%/kg = 0.3 mEq/kg x 8 kg x 10 = 24 
mEq 
C. No ongoing losses 
Total 24-hour fluid requirement = Maintenance + deficit = 800 ml + 
640 ml = 1,440 ml = 1.44L 
Total 24-hour sodium requirement = Maintenance + deficit = 20 mEq 
+ 98 mEq = 118 mEq 
Total 24-hour potassium requirement = Maintenance + deficit = 20 
mEq + 24 mEq = 44 mEq 
Solution of choice = 5% dextrose with 118 mEq sodium chloride/1.44 
L + 44 mEq potassium chloride/1.44 L = 5% dextrose with 82 mEq 
sodium chloride/L + 30 mEq potassium chloride/L 
Final solution = 5% dextrose with 0.45% isotonic saline + 30 mEq 
potassium chloride/L 
For hours 2 to 8 = 720 ml/7 hours = 103 ml/hour 
For hours 9 to 24 = 720 ml/16 hours = 45 ml/hour 


Specific Therapy for Hypernatremic Dehydration 
Phase I 


In mild cases of hypernatremic dehydration, this phase may be omitted. 
Otherwise, use the plan outlined under isonatremic dehydration. The rate 
of drop in the serum sodium concentration should not exceed 10 to 12 
mEq/day. 


Phase II 


A. Maintenance volume and electrolyte requirements for 48 hours 

B. Calculated deficit 
Volume = 8 ml/kg/% dehydration ; 
Sodium = 0.8 mEq/kg/% dehydration 
Potassium = 0.15 mEq/kg/% dehydration 

C. Ongoing losses 
Total fluid volume should be administered over at least 48 hours. 
Maintenance x 2 days + deficit + ongoing losses = Fluid require- 
ment divided by 48 hours. 


Example 


A 4-month-old male has a viral syndrome for 5 days. Weight is 4.5 kg: 
estimated pre-illness weight is 5 kg. Serum sodium concentration is 160 


mEq/L. Clinical assessment: ae = 10% (moderate) hyperna- 


tremic dehydration 
Phase I 


None 
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Phase II 


A. Maintenance 
Volume = 100 ml/kg/day = 100 ml/kg x 5kg = 500 mli/day 


Sodium = 2.5 mEq/100 calories/day = = calories X 2.5 mEq/ 
day = 12.5 mEq/day 
Potassium = 2.5 mEq/100 calories = a calories x 2.5 mEq/day 


100 
= 12.5 mEq/day 
B. Deficit (10%) 
Volume = 8 mi/kq/% = 8 ml/kg X 5 kg x 10 = 400 ml 
Sodium = 0.8 mEq/kg/% = 0.8 mEq/kg x 5kg x 10 = 40 mEq 
Potassium = 0.15 mEq/kg/% = 0.15 mEq/kg x 5kg x 10 = 7.5 
mEq 
C. No ongoing losses 
Total 48-hour volume requirement = Maintenance/24 hours x 48 
hours + deficit = 500 ml/24 
hours x 48 hours + 400 ml 
= 1,400 ml/48 hours = 30 
\ ml/hour (1.4 L/48 hours) 

Total 48-hour sodium requirement = Maintenance/24 hours x 48 
hours + deficit = 12.5 mEq/ 
24 hours x 48 hours + 40 
mEq = 65 mEq 

Total 48-hour potassium requirement = Maintenance/24 hours x 48 

hours + deficit = 12.5 mEq/ 
24 hours x 48 hours + 7.5 
mEq.=-32:5.mEq 

Solution of choice = 5% dextrose with 65 mEq sodium chloride/1.4 L 
+ 32.5 mEq potassium chloride/1.4 L = 5% dextrose with 50 mEq so- 
dium chloride/L + 25 mEq potassium chloride/L 

Final solution = 5% dextrose with 0.33% isotonic saline + 25 mEq of 
potassium chloride*/L at a rate of 30 ml per hour for 48 hours. Alterna- 
tively, a solution of 5% dextrose with 0.45% isotonic saline + 25 mEq of 
potassium chloride/L can also be used. 

Note: Hyperglycemia due to relative insulin deficiency is present in some 
cases. Many authors, therefore, recommend the use of a 2% to 3% dex- 
trose solution rather than one of 5%.?° Even though the association of 
hypocalcemia with hypernatremic dehydration is uncertain, it may be rea- 
sonable to add 1,000 mg of a 10% calcium gluconate solution to 500 ml 
of intravenous fluid. 

Hypernatremic dehydration must be treated by a slow and uniform rate 
of fluid administration. The total 48-hour volume (maintenance x 2 + 


*Some authors recommend a potassium chloride concentration up to 40 mEq/L.”° 
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TABLE 7. 
Summary for Dehydration 





ISONATREMIC 
Phase | 
Emergency Therapy 
Phase II 
A. Maintenance volume and electrolytes 
B. Deficit 
Volume = 8 ml/kg body weight/% dehydration 
Sodium = 0.8 mEq/kg body weight/% dehydration 
Potassium = 0.3 mEq/kg body weight/% dehydration 
C. Ongoing losses 
Replace 50% of total calculated volume over first 8 hours. 
Replace remaining 50% over subsequent 16 hours. 
Phase III 
Gradual switch to oral fluids 
HYPONATREMIC 
Phase | 
Emergency Therapy 
Phase II 
A. Maintenance volume and electrolytes 
B. Deficit 
Volume = 8 ml/kg body weight/% dehydration 
Sodium = 0.8 mEq/kg body weight/% dehydration 
Additional Sodium = (Ideal plasma sodium — actual plasma 
sodium) x 0.6 L/kg x kg body weight 
Potassium = 0.3 mEq/kg body weight/% dehydration 
C. Ongoing losses 
Replace 24-hour volume identical to isonatremeic 
Phase III 
Gradual switch to oral fluids 
HYPERNATREMIC 
Phase | 
Emergency therapy (variable) 
Phase II 
A. Maintenance volume and electrolytes for 48 hours 
B. Deficit 
Volume = 8 ml/kg body weight/% dehydration 
Sodium = 0.8 mEq/kg body weight/% dehydration 
Potassium = 0.15 mEq/kg body weight/% dehydration 
C. Ongoing losses 
Replace 48-hour volume at a rate of 1/48 per hour 
Phase III 
Gradual switch to oral fluids after 48 hours 


ees 
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deficit) is given in aliquots of 1/48 per hour. During the development of 
the hypernatremic state, idiogenic osmols (taurine, aspartate, glutamate) 
are formed in brain cells in order to maintain osmotic equilibrium between 
the extracellular and intracellular compartment.” If fluids with very low 
sodium concentrations are administered too rapidly, osmotic adjustments 
cause an increase in the volume of brain cells. This cerebral volume 
enlargement is responsible for the neurologic manifestations observed 
in inappropriately treated infants with hypernatremic dehydration (Ta- 
ble 7). 


Oral Rehydration in Developed Countries 


In patients with diarrheal dehydration who are not in shock and are able 
to consume oral fluids, oral hydration therapy may be appropriate. Oral 
electrolyte solutions containing 2.0% to 2.5% glucose are given to infants 
and children with mild to moderate (5.0% to 10%) dehydration. The rec- 
ommendations for maintenance and rehydrating solutions from the Amer- 
ican Academy of Pediatrics Committee on Nutrition are shown in Table 
8,22 The sodium concentration in the rehydrating solution is 90 mEq/L. In 
contrast, the concentration of sodium in the maintenance solution is 40 to 
60 mEq/L. This reduction is to prevent edema formation with high fluid 
intakes of high sodium concentration and to reduce the risk of hypernatre- 
mia in children with a low fluid intake.”° 

It is recommended that the use of an oral rehydrating solution for the 

treatment of mild to moderate diarrheal dehydration should follow these 
basic principles. 

Rehydration solutions: 

A. 40 to 50 ml/kg of rehydrating solution administered over the first 2 
to 4 hours. 

B. The total volume of the rehydrating solution should not exceed 75 
ml/kg/24 hours. The only exception is in cases of severe dehydration 
(greater than 10%) when parenteral therapy is not available. In this 
instance, 100 ml/kg is given over the first 4 to 6 hours. 

C. To use the rehydration solution as the maintenance solution, it 
must always be given in conjunction with breast milk, water, or 
the low sodium beverages to reduce the sodium concentration 
(Table 9).?*-° 

Maintenance solution: 

After the rehydration is completed, the maintenance solution is given in 

the amount of 150 ml/kg/day.'” Some of the available oral electrolyte 

solutions are shown in Table 10. For comparison, Table 9 provides 
the electrolyte and carbohydrate content of common household bever- 
ages. 

ie summary, the treatment of dehydration relies on the principles of a 

good history and physical examination, appropriate use of laboratory tests, 
an appropriate diagnosis and the continued reassessment of therapy. 
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TABLE 9. 
Composition of Common Beverages*+ 
Na K Cl CHO 
(mEq/L) (mEq/L) (mEq/L) Base (gm/100 ml) 

Apple juice 0.46 27.03 unk Citrate 12.42 
Awake 3.70 34.23 unk Citrate 283 
Club Soda 9.55 0.07 unk Bicarbonate 0 
Coca Cola 75 tr 26.83 Bicarbonate 10.56 
Coke/diet 4.04 tr unk Bicarbonate 0.1 
Coffee/brewed 0.48 16.90 unk Citrate 0.3 
Gatorade 22.60 2.49 17.0 Citrate 4.44 
Ginger ale 3.67 0.36 unk Bicarbonate 8.2 
Grape Juice 0.91 31.41 unk Citrate WES 
Hawaiian Punch On 6.82 unk Citrate 12.4 
Jello 25.0 0.25 10.0 Citrate 14.1 
Kool-Aid 0.74 0.09 0 Citrate 10.2 
Lemonade 

Canned 11.26 0.80 unk Citrate 9.7 

Frozen 4.78 10.83 unk Citrate 10.1 

Mix O17 1.74 unk Citrate 9.3 
Milk 

Whole 3.5% 22.43 38.03 268.28 Lactate Sul 

Lowfat 2% 22.78 38.23 268.28 Lactate 5.2 

Skim ZS 38.46 268.28 Lactate Do 
Mountain Dew 3.78 0.64 unk Bicarbonate all 
Orange juice 0.48 53.90 0.83 Citrate 11.8 

(unsweetened) 
Pepsi Cola 1:09 0.95 unk Bicarbonate ie 
Pepsi/diet she 0.87 unk Bicarbonate 0.05 
Seven Up 0.48 0) 0 Bicarbonate 10.1 
Sprite 5.74 0 unk Bicarbonate TOM 
Tang/orange 0.26 Zs unk Citrate 25 
Tea/sweetened/ice 1.61 6.80 tr Citrate 10.3 
Water/tap 2.0 0.10 0 0 


*Data from references 24 to 26. 
Electrolyte composition varies with (1) the local water source used for production and/or 
reconstitution and (2) the various flavorings added to the product. 
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TABLE 10. 
Oral Electrolyte Solutions: Concentration When Diluted 
Na K Cl Base Glucose 
Product (mEq/L) (mEq/L) (mEq/L) (mEq/L) gm/L 
Rehydration 
WHO oral 90 20 80 30 20 
Rehydralyte (Ross) 75 20 65 30 25 
Maintenance 
Infalyte (Pennwalt) 50 20 40 30 20 
Lytren (Mead Johnson) 50 25 45 30 20 
Pedialyte (Ross) 45 20 Se) 30 25 
Resol (Wyeth) 50 20 50 34 34 





LAA LL SI 
Special Problems: Hyponatremia, Hypernatremia, 
Hypokalemia, and Hyperkalemia 


ee ee eee 
Hyponatremia 


Hyponatremia will be defined as a serum sodium concentration less than 
130 mEq/L. The key to understanding the pathophysiology of the hypo- 
natremic state is the recognition that serum sodium concentration is deter- 
mined by the ratio of sodium to water in the blood compartment and not 
by the absolute amount of either. Thus, patients with sodium deficits may 
develop hyponatremia, but a low serum sodium concentration can occur 
in patients with normal or even expanded body sodium content. In addi- 
tion, although most hyponatremic patients have a decrease in the osmo- 
lality of the body fluids, hypoosmolality is not uniformly present. Some 
causes of hyponatremia are related to clinical situations in which the extra- 
cellular and intracellular osmolality is increased or normal, resulting in hy- 
pertonicity or isotonicity. 

As in Figure 4, the differential diagnosis of hyponatremic states can be 
approached by logical analysis of three major pathophysiologic states that 
take into account changes in the tonicity of the body fluids. 


Isotonic Hyponatremia 


Sodium and other electrolytes are restricted to the aqueous phase of 
plasma, which comprises 93% of the total plasma volume. The remaining 
7% consists of lipid and protein. Hyperlipidemic and hyperproteinemic 
states reduce sodium concentration in total plasma volume without chang- 
ing its concentration in the remaining plasma water. In children, such hy- 
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perlipidemic states include the nephrotic syndrome, marginally controlled 
diabetes mellitus, and rare familial hyperlipidemic syndromes. The labora- 
tory reports hyponatremia although serum osmolality remains normal. 
Multiplication of plasma lipid (mg/dl) by 0.002 and the increment of serum 
proteins above 8 gm/dl by 0.25 yields the mEq/L reduction of serum so- 
dium caused by accumulation of these substances. 

Isotonic hyponatremia can also be caused by rapid administration of 
large amounts of isotonic, sodium-free solutions, such as pure glucose- 
containing solutions (e.g., solutions of 5% dextrose). Striking hyponatre- 
mia may be present transiently, but serum osmolality remains normal. 

A careful review of the patient’s clinical course makes this cause of hy- 
ponatremia obvious, and the measurement of serum osmolality is not re- 
quired to arrive at the diagnosis. 


Hypertonic Hyponatremia 


Hyperglycemia and the intravenous administration of hypertonic glucose 
solutions (e.g., solutions of 10% dextrose or higher) and mannitol solutions 
cause intracellular water to move into the extracellular space. Dilution of 
serum sodium and hyponatremia result, although serum osmolality is tran- 
siently elevated. As a rule, serum sodium falls by 1.6 mEq/L for each 100 
mg/dl increase in blood glucose concentration.”* These causes of hypona- 
tremia become obvious upon measurement of the blood glucose concen- 
tration and review of intravenous fluids given to the patient. As in the case 
of isotonic hyponatremia, measurement of serum osmolality is rarely 
needed to identify these situations. The simplest available formula specifies 
that osmolality = 2 x [Nal]. In situations of significant hyperglycemia, the 
factor [glucose mg/dl]/18 can be added in order to account for the contri- 
bution of the elevated glucose concentration to the serum osmolality.?? 


Hypotonic Hyponatremia 


In hypotonic hyponatremia, in contrast to the previous two types of hy- 
ponatremia, sodium concentration is below normal and leads to hypoos- 
molality of the body fluids. In all cases, however, hyponatremia only de- 
velops in the face of continued intake (either intravenously or orally) or 
retention of water or other dilute solutions. As indicated in Figure 4, the 
differential diagnosis is based on the results of a careful physical examina- 
tion with particular attention to the patient’s salt and water content. 

Hyponatremia in the dehydrated child is caused by diseases quite differ- 
ent from those related to hyponatremia in the edematous child or the ap- 
parently normally hydrated child. 

The key to simplifying the differential diagnosis of hyponatremia with 
dehydration is the localization of sodium and water losses to renal or non- 
renal sites. The history, physical examination, and selected laboratory stud- 
ies clarify the source of the problem. Observation of several characteristics 
of the urine may also provide several helpful clues to differentiate renal 
from nonrenal losses. 
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For example, children with salt-losing nephropathies, diuretic excess, 
and adrenal insufficiency have a high urine output, a urine specific gravity 
ranging from 1.010 to 1.012, a relatively high urine sodium concentration 
(> 20 mEq/L), and a high fractional excretion of sodium (> 2%). The 
fractional excretion of sodium is defined as the fraction of filtered sodium 
which is excreted, and is expressed as the following: 


U na/P na X GFR 


where U na is urine sodium concentration, P na is plasma sodium concen- 
tration, GFR is glomerular filtration rate, and V is urine flow rate. 

When multiplied by the factor 100, this is expressed as a percentage, 
and is normally <2% (<3% in the neonate). The fractional excretion of 
sodium is inversely related to the avidity of renal sodium conservation and 
since the volume terms in the equation cancel each other, it may be cal- 
culated from a random urine sample as follows*° 


(U na/P na x Pcr/U cr) x 100 


where U na is urine sodium concentration, P na is plasma sodium concen- 
tration, P cr is plasma creatinine concentration, and U cr is urine creatinine 
concentration. 

Patients with dehydration due to gastrointestinal, skin, or ‘third space”’ 
losses have a low urine output, a high urine specific gravity (> 1.018 to 
1.020), a low urine sodium concentration (10 to 20 mEq/L), and a low 
fractional excretion of sodium (<1%). 

Replacement of sodium and water deficits in all dehydrated patients with 
hyponatremia is based on standard principles described elsewhere in this 
chapter. However, the child with acute adrenal insufficiency poses a more 
complex problem. First, the chemical picture may be confused with acute 
oliguric renal failure, including azotemia, hyponatremia, hyperkalemia and 
acidosis. An error in differential diagnosis can lead to highly inappropriate 
therapy, such as fluid and salt restriction. Second, vigorous rehydration to 
combat hypovolemic shock must, be combined with the acute administra- 
tion of adrenal corticosteroids.* °* Rehydration is begun with 0.9% NaCl 
and 5% dextrose at 20 ml/kg a Ainictered intravenously over 30 to 60 
minutes. If the patient is in shock, plasma (5 ml/kg) is required in addition 
to the saline solution. When acute reexpansion of the circulating blood 
volume has been accomplished, the rate of fluid administration continues 
as described earlier, but the solution used approximates the composition 
of 0.9% NaCl for at least the first 24 hours. Potassium is not administered 
until chemical and hormonal balance has been restored. Simultaneously, 
hydrocortisone, 2 mg/kg, is given intravenously (maximum, 100 mg) as 
soon as possible and as frequently as every 6 hours until the patient’s 
condition stabilizes. At that time, the dose may be tapered over the next 
several days to a daily oral maintenance amount (15 to 20 mg/sq m sur- 
face area). The mineralocorticoid desoxycorticosterone is usually not re- 
quired for control of the acute situation if fluid and electrolyte therapy is 
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appropriate. A long-acting form of this drug may be required for chronic 
maintenance. 

Recent reports by Sterns et al.°° and Arieff** draw attention to the pos- 
sibility that overly rapid correction of hyponatremia may lead to central 
pontine myelinolysis. However, the incidence of this devastating neuro- 
logic complication in children is extremely low, and its cause and effect 
relationship to the treatment of hyponatremia is controversial.*° There are 
no data on which to base a firm recommendation for a safe rate of correc- 
tion, although various sources suggest rates such as 5 mEq/kg/hour or 2 
mEq/L/hour.°° 

The pathophysiology of hyponatremia in children with edema involves 
the excessive reabsorption of sodium and water, with disproportionately 
high water retention. Cirrhosis of the liver, congestive heart failure, and 
nephrotic syndrome are three clinical entities producing this situation. They 
are thought to have in common a decreased effective circulating blood 
volume that results in increased renal salt and water retention. These con- 
ditions are obvious if a careful history, physical examination, and appro- 
priate laboratory tests are obtained. 

A careful analysis of the urine is useful in confirming that the expected 
physiologic mechanisms are operative. Children with hyponatremia due to 
these conditions have a low urine output, a high urine specific gravity, a 
low urine sodium, and a low fractional excretion of sodium, all very similar 
to the urinary findings in the child with dehydration due to nonrenal losses. 
The initial difference between the two groups is the presence of physical 
signs of volume contraction in one, and edema in the other. 

Appropriate treatment for this group of children includes therapy of the 
basic disease and restriction of salt intake. Water intake may also need to 
be restricted in some, and diuretics may be required. Nephrotic children 
with massive edema and hyponatremia often respond to salt restriction 
with either diuresis alone or in combination with the intravenous infusion 
of hypertonic albumin (1 gm/kg given over 60 minutes, up to three timés 
in a 24-hour period). 

Some hyponatremic patients show no evidence of volume depletion or 
expansion on physical examination. In these cases, hyponatremia is due 
to expansion of total body water, and this water overload is not obvious 
to examination because the majority of the excess is located in the intra- 
cellular space. As shown in Figure 4, the major cause of this in children is 
the syndrome of inappropriate antidiuretic hormone (ADH) activity. In this 
syndrome, positive water balance is caused by water retention secondary 
to ADH secretion stimulated by factors other than hypovolemia or hyper- 
osmolality. Many nonosmotic stimuli to ADH release have been described 
in children, and these risk factors are listed in Table 11, which also includes 
a list of drugs causing the same syndrome by augmenting the renal action 
of ADH.?” In addition to these causes, the same syndrome has been 
reported in premature infants with late hyponatremia,®” newborns with wa- 
ter intoxication due to nebulization with nasal CPAP (continuous positive 
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TABLE 11. 
Causes of the Syndrome of Inappropriate 
Antidiuretic Hormone Activity 


Stress, anxiety 
Trauma (including postoperative states) 
Pulmonary: Infections, asthma, positive pressure ventilation, tumors 
Central nervous system: Infections, tumors, hemorrhage, stroke 
Cardiac: Arrhythmias, surgery 
Neoplasms: Pulmonary, central nervous system, gastrointestinal, 
bone, genitourinary, lymphoma 
Metabolic: Hypothyroidism, hypoadrenalism 
Drugs 
Stimulate release of ADH 
Cyclophosphamide Opiates Histamine 
Vincristine Clofibrate Carbamazepine 
Barbiturates Nicotine Diuretics 
Augment renal action of ADH 
Chlorpropamide 
Tolbutamide 
Phenformin 





airway pressure), °° 


of dilute formulas. 

Suspicion of this syndrome can be strengthened in the face of a low 
urine volume with a relatively high urine specific gravity. Although classi- 
cally the urine is more concentrated than the blood when ADH expression 
is at its fullest, many intermediate situations occur in which the major clue 
is finding a urine that is not maximally dilute (i.e., the urine is “relatively” 
concentrated). Since maximal dilution implies a urine specific gravity < 
1.003 (consistent with a urine osmolality < 75 mOsm/L), the physician 
should not hesitate to suspect this syndrome in the appropriate circum- 
stances even in the face of a relatively dilute urine. For example, a urine 
osmolality of 150 mOsm/L (consistent with a urine specific gravity ~ 
1.005) in association with a plasma osmolality of 240 mOsm/L (seen in a 
patient with a serum sodium concentration of 120 mEq/L) is compatible 
with the syndrome of inappropriate ADH activity. Sodium handling is not 
impaired in these patients, and sodium excretion is appropriate for the 
level of sodium intake. As a result, urinary sodium concentration and the 
fractional excretion of sodium can range widely within the “normal” range. 

The mainstay of therapy includes discontinuation of the offending drug, 
treatment of the underlying disease, amelioration of the stressful event, 


and even apparently normal infants receiving feedings 
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and generation of a negative water balance. This is usually produced by 
strict reduction of water intake to levels equal to the daily insensible losses 
or less (i.e., <400 to 500 ml/sq m). In emergency situations in which sei- 
zures or other severe neurologic complications have developed, or serum 
sodium concentration is so low as to threaten seizures (<120 mEq/L), 
treatment includes intravenous administration of sufficient hypertonic NaCl 
(3% or 5%) to raise the serum sodium concentration to 125 to 130 mEq/ 
L. The dose needed to correct to 130 med/L is calculated as follows: 


(130 — A) x 0.6 x B.W 


where: 
A = observed serum sodium concentration 
BW = body weight 

Since 3% sodium chloride contains sodium in a concentration of ap- 
proximately 500 mEq/L or 0.5 mEq/ml, the volume required in ml is equal 
to twice the number of mEq desired. Half the number of mEq calculated 
are given over 1 to 2 hours, followed by the remainder of the dose if 
required. The administration of a combination of intravenous furosemide 
and hypertonic saline is occasionally useful in patients resistant to more 
conservative therapy or with impending congestive heart failure. In these 
cases, hypertonic saline is given in a dose calculated to raise the serum 
sodium concentration as previously described, and additional doses are 
given hourly to match the amount of sodium excreted by the induced 
diuresis. 


Hypernatremia 


Hypernatremia will be defined as a serum sodium concentration greater 
than 150 mEq/L. Hypernatremic disorders are divided into two categories 
based on the physical examination and an estimate of the body fluid status 
(Fig 5). Differential diagnosis of any of the abnormalities of serum sodium 
concentration depends primarily on the results of a complete physical ex- 
amination. 

Hypernatremia in children commonly is associated with conditions lead- 
ing to loss of body sodium and water or isolated water loss. In any case, 
water loss is greatly out of proportion to sodium loss. Weight loss is evi- 
dent, and physical signs of volume contraction are present if significant 
depletion of sodium has occurred. As seen in Figure 5, this type of hyper- 
natremia can be caused by renal or extrarenal losses of sodium and water. 
In all of these situations, the problem is exacerbated if replacement solu- 
tions are relatively high in sodiurn content. The common pathophysiologic 
factor in most chronic renal diseases, including obstructive uropathy, is a 
concentrating defect and a continued inappropriate excretion of water and 
sodium, in spite of dehydration. This defect results in a continued generous 
urine output (even in the presence of obvious volume contraction), with 
low urine specific gravity (< 1.015) and relatively high urine sodium con- 
centration (> 20 mEq/L). 
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Differential Diagnosis of Hypernatremia 
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FIG 5. 
Differential diagnosis of hypernatremia. 


Central diabetes insipidus and hereditary nephrogenic diabetes insipi- 
dus, are marked by almost pure water loss, with maintenance of normal 
sodium balance. Peripheral signs of dehydration are less, for the same 
degree of body weight loss, than in the previously described conditions, 
because there is no sodium depletion. The urine output is large, with a 
low urine specific gravity (<1.005). These two conditions can be differen- 
tiated based on the response to a standard dose of ADH given after a 
period of water deprivation.*) * In small children, the risk of developing 
symptomatic volume depletion during the thirsting period mandates that 
this test be performed under close medical supervision, with intravenous 
rehydrating solutions close at hand and avoidance of an acute body weight 
loss of more than 3% to 5%. 

Extrarenal causes of hypernatremia include vomiting, diarrhea, tachyp- 
nea (due to pulmonary infections, compensation for metabolic acidosis, 
etc.), and excessive skin losses (due to fever, increased insensible losses in 
the premature infant, etc.). Respiratory losses usually are not accompanied 
by sodium, but skin losses may include more or less sodium, depending, 
for example, on whether the child has cystic fibrosis. The urine output is 
low in these patients, with a high urinary specific gravity (>1.018 to 1.020) 
and a low urine sodium concentration (<20 mEq/L). In this respect, the 
renal response is as expected in any case of dehydration due to extrarenal 
losses. The premature infant may not be able to produce a concentrated 
urine under these circumstances. 

Treatment of hypernatremia due to sodium and water losses, with re- 
sultant volume contraction, is a matter of applying the standard principles 
of rehydration described earlier. Diuretics are discontinued if they are a 
major cause of the problem, and adrenal deficiency requires specific hor- 
monal replacement in addition to volume expansion. The major compli- 
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cations of the treatment of hypernatremia are related to the central ner- 
vous system.** “4 The dehydration itself can cause subarachnoid and 
subdural hemorrhage, sagittal sinus thrombosis, and seizures. Excessively 
vigorous rehydration may result in cerebral edema, manifest by increased 
intracranial pressure, seizures, and stupor. In general, the proper volume 
and rate of administration of the rehydrating solution are of greatest con- 
cern, while the exact composition of the solution is less important.*” 

Sodium overload is a less common cause of hypernatremia in children. 
The history of an excessive intake of salt is usually obvious, and the phys- 
ical examination may show signs of volume expansion such as edema and 
hypertension. Iatrogenic causes of this type of hypernatremia include par- 
enteral administration of large doses of a hypertonic sodium bicarbonate 
solution, or hypertonic sodium chloride (3% or 5%) given inadvertently in 
place of a 5% Dextrose solution. Also, errors in mixing infant feeding for- 
mulas from powdered salt and sugar supplements can lead to severe hy- 
pernatremia. 

Appropriate treatment must take place rapidly, and includes administra- 
tion of 5% dextrose in water simultaneously with the intravenous admin- 
istration of a potent natriuretic agent such as furosemide.* The infusion 
rate varies depending on the rate of diuresis, the rate of decrease in serum 
sodium concentration, and the neurologic status. Excessive water replace- 
ment can produce cerebral edema. Patients with congestive heart failure 
or oliguria who do not respond to these measures may require dialysis. 

Children with one of the conditions caused by an excess of mineralo- 
corticoids often prove to be diagnostic challenges but frequently have only 
mild hypernatremia in the upper normal range. Appropriate treatment of 
the primary disease or a decrease in the sodium intake and a modification 
of the dose of mineralocorticoid being administered can be expected to 
lead to improvement. 


Hypokalemia 
Hypokalemia will be defined as a serum potassium concentration less than 
3.5 mEq/L. Concentrations below this level imply either decreased body 
potassium stores due to decreased intake or external losses, or redistribu- 
tion of extracellular potassium into the intracellular space (Table 12). Ex- 
ternal losses take place via the gastrointestinal, skin, or renal routes. In- 
creased intracellular uptake is stimulated by alkalosis, hyperinsulinism (as 
seen in malnourished patients during initiation of total parenteral nutrition), 
the “pseudohypokalemia” of leukemia (caused by avid white blood cell 
uptake of potassium), and the rare entity hypokalemic periodic paralysis. © 
Once appropriate evaluation has ruled out decreased intake or redistri- 
bution into cells as the cause of hypokalemia, the history, physical exami- 
nation, and selected laboratory tests are used to determine the site of po- 
tassium loss from the body. The gastrointestinal losses listed in Table 12 
should be obvious from history and physical examination. Urinary potas- 
sium concentration is law (<20 mEq/L) in most. of these situations, but 
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TABLE 12. 
Differential Diagnosis of Hypokalemia 
Decreased Potassium Stores Normal Potassium Stores 
Decreased intake Redistribution 
High carbohydrate diet Alkalosis 
Anorexia nervosa Hyperinsulinism 


Leukemia (‘‘pseudohypokalemia’’) 
Hypokalemic periodic paralysis 
External Losses 
Gastrointestinal 
Malabsorption 
Vomiting 
Gastric suction 
Laxative/enema abuse 
Diarrhea 
Skin 
Renal 
Hypertensive 
Renovascular disease 
Renin-producing tumors 
Adrenal adenomas 
Congenital adrenal hyperplasia 
Cushing syndrome 
Exogenous mineralocorticoids 
Normotensive 
Renal tubular acidosis 
Fanconi’s syndrome 
Chronic interstitial and cystic 
renal disease 
Bartter’s syndrome 
Liddle’s syndrome 
Antibiotics 
Diuretics 


may be higher in the face of vomiting and the kaliuresis of metabolic al- 
kalosis. Skin losses of potassium are usually minor, but may become sig- 
nificant in children exercising heavily in hot weather. Urinary potassium 
concentration is also low in this situation. 

A problem in the differential diagnosis of hypokalemia involves the long 
list of causes of renal potassium loss. The diagnostic process may be sim- 
plified by separating the various conditions into those associated with hy- 
pertension (due to hyperreninemia and/or hyperaldosteronism) and those 
with normal blood pressure. The former include the causes of renovascular 
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hypertension, renin-producing tumors, adrenal adenomas and hyperplasia, 
some forms of congenital adrenal hyperplasia, Cushing’s syndrome, and 
exogenous mineralocorticoid administration. The latter involve conditions 
such as proximal and distal renal tubular acidosis, diseases resulting in Fan- 
coni’s syndrome of multiple proximal tubular dysfunction, rare cases of 
chronic interstitial and cystic renal disease, Bartter’s syndrome, Liddle’s 
syndrome, administration of diuretics, intake of tubulotoxic antibiotics 
(gentamycin, amphotericin), or antibiotics which act as relatively nonreab- 
sorbable anions (carbenicillin). In all of these cases, urinary potassium con- 
centration is high (>20 mEq/L). 

The symptoms and signs of hypokalemia in general do not appear until 
the serum concentration drops below 3 mEq/L. Persistent hypokalemia 
can lead to the following complications: (1) metabolic abnormalities such 
as hyperglycemia and carbohydrate intolerance, (2) renal concentrating 
defects leading to polyuria and polydipsia, as well as sodium retention and 
edema, and (3) a host of neuromuscular disorders including generalized 
weakness, paralysis, lethargy, confusion, intestinal ileus, autonomic insuf- 
ficiency with orthostatic hypotension, and cardiac arrhythmias.* 

Because the intracellular stores of potassium cannot be easily measured 
and there is no close relationship between the serum concentration and 
total body potassium content, replenishment of potassium deficits is per- 
formed empirically without specific calculations. It is important to avoid 
sudden large intravenous potassium loads and to replace deficits slowly 
over several days. If repair of deficits must be initiated quickly because of 
life-threatening complications, urine output should be assured and electro- 
cardiographic monitoring must be available. 

Oral replacement of deficits is safest, and a reasonable dose is 3 mEq/ 
kg/day in addition to maintenance requirements.*° The solutions available 
for oral use include the chloride, bicarbonate, phosphate, gluconate, ci- 
trate, and acetate salts of potassium. These liquids are more easily toler- 
ated by the gastrointestinal tract than the solid forms of potassium supple- 
ments. Although the chloride salt may be more effective, the organic anion 
salts are more pleasant tasting and better accepted by young children. If 
intravenous potassium replacement must be used, the concentration 
should be limited to a maximum of 40 mEq/L unless serious, life-threat- 
ening complications of hypokalemia are present. In such cases, even 
higher concentrations can be used, but only with careful monitoring of the 
heart rate and rhythm.* 

Hyperkalemia will be defined as a serum potassium concentration 
greater than 5.5 to 6.0 mEq/L (Table 13). In contrast to the hypokalemic 
syndromes, in which factitious causes are rare, ‘‘pseudohyperkalemia””’ is 
relatively common and must be ruled out before embarking on intensive 
investigation and treatment of hyperkalemia. For example, leucocytosis 
above 100,000/cu mm and a platelet count greater than 750,000/cu mm 
can result in elevation of serum potassium concentration via release of 
intracellular potassium during clotting in the test tube.7* 4? A measurement 
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TABLE 13. 
Differential Diagnosis of Hyperkalemia 
Elevated Potassium Stores Normal Potassium Stores 
Increased Intake Pseudohyperkalemia 
Endogenous Leucocytosis 
Hemolysis Thrombocytosis 
Rhabdomyolysis Test tube hemolysis 
Exogenous Ischemic blood drawing 
Aged blood Redistribution 
Salt substitutes Metabolic acidosis 
K+ Penicillin Insulin deficiency 
Decreased Excretion Hyperkalemic periodic paralysis 


Acute or chronic renal failure 
Deficiency of renin-angiotensin-aldosterone system 
Adrenal insufficiency 
Adrenal 21-OH’lase deficiency 
Hyporeninemic hypoaldosteronism 
Pseudohypoaldosteronism 
Drug inhibitors: captopril, B-blockers 
Renal tubular K+ secretory defects 
Sickle cell nephropathy 
Systemic lupus 
Congenital (Spitzer) syndrome of short stature 
and acidosis 
Potassium-sparing diuretics 
Spironolactone 
Triamterene 
Amiloride 


of plasma potassium collected in a heparinized tube eliminates this prob- 
lem. Similarly, ischemic biood drawing with a tight tourniquet and test tube 
hemolysis of red blood cells may lead to factitious hyperkalemia. In each 
of these cases, an electrocardiogram shows no evidence of hyperkalemic 
changes. 

True hyperkalemia is associated with (1) redistribution of intracellular 
potassium to the extracellular space, (2) decreased excretion of potassium 
as a consequence of the diseases listed in Table 13, and (3) an acute 
increase in potassium intake in the face of an excretory defect. 

Among the causes of redistribution hyperkalemia, the most common in 
children is metabolic acidosis. In contrast to respiratory acidosis, which has 
little effect, metabolic acidosis results in a rise of at least 0.5 to 1.5 mEq/L 
in the potassium concentration, depending on the severity of the acid-base 
disturbance. *” 

In the majority of situations in pediatrics, true hyperkalemia is caused by 
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impaired potassium excretion because of severe acute or chronic renal fail- 
ure with oligo-anuria. Less commonly, defects in the renin-angiotensin al- 
dosterone system, as listed in Table 13, are involved. As more hyperten- 
sive children are treated with B-blockers or angiotensin-converting enzyme 
inhibitors such as captopril, the incidence of hyperkalemia may increase. 
Particularly interesting is the recognition of hyporeninemic hypoaldoster- 
onism in children. This condition is well described in the aging diabetic 
population,” °! but is becoming more frequently diagnosed in younger 
patients with severe renal interstitial disease of almost any cause.*? The 
renal diseases that may present with specific tubular potassium secretory 
defects are uncommon but not rare in children, and their likelihood of 
causing hyperkalemia is especially great when they progress to renal func- 
tional impairrnent. 

Although the endogenous and exogenous sources of dangerously high 
potassium loads must be kept in mind, they do not generally cause acute 
hyperkalemia in the absence of excretory defects. For example, only chil- 
dren with renal failure, adrenal insufficiency, or spironolactone therapy are 
at particular risk of life-threatening hyperkalemia when treated with aged 
blood transfusions or a large dose of potassium penicillin. Similarly, only if 
massive rhabdomyolysis results in acute oligoanuric renal failure is there 
serious risk of acute hyperkalemia due to the release of muscle potassium 
stores. 

The risks of acute hyperkalemia include muscle weakness and paralysis, 
usually beginning in the legs, as well as cardiac ventricular arrhythmias and 
cardiac arrest. Occasionally, cardiac involvement develops before skeletal 
muscle weakness, and death may occur unexpectedly.*” *8 The electro- 
cardiographic abnormalities of hyperkalemia are initially a tall peaked T 
wave in the precordial leads, followed by decreased amplitude of the R 
wave, widened QRS complex, prolonged PR interval, disappearance of 
the P wave, and finally a blending of the QRS complex into the T wave, 
forming the classic sine wave of hyperkalemia. ; 

Acute hyperkalemia is a medical emergency that must be treated im- 
mediately. The therapy described here should be initiated whenever skel- 
etal muscle or cardiac abnormalities are present, no matter what the de- 
gree of hyperkalemia. Otherwise, particularly at concentrations of 
potassium between 6 and 7 mEq/L, the first phase of the treatment pro- 
tocol may not be required, and limitation of potassium intake and slow 
removal by exchange resin, as described here, will usually suffice. 

The first phase of management is the emergency restoration of a nor- 
malized ratio of intracellular to extracellular potassium concentration. 
When this is successful, the skeletal muscle and cardiac function temporar- 
ily revert to normal. Therapy involves administration of (1) sodium bicar- 
bonate, 2 mEq/kg body weight intravenously as a rapid push over 3 to 5 
minutes, (2) 10% calcium gluconate, 0.5 to 1.0 ml/kg body weight intra- 
venously as a rapid push over 3-5 minutes, and (3) 50% glucose, 1 ml/ 
kg body weight intravenously over 30 minutes accompanied, in some cen- 
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ters, by regular insulin, 1 unit for every 3 gm of glucose. The endogenous 
insulin response to the hypertonic glucose may be sufficient to obviate the 
need for exogenous insulin. The effectiveness of bicarbonate and glucose/ 
insulin therapy lasts for several hours, whereas that of the calcium infusion 
has a duration of only 30 minutes. In addition, transient electrocardi- 
ographic improvement can be seen almost immediately after administra- 
tion of the sodium bicarbonate. 

The second phase of treatment removes excess potassium from the 
body in a slow, controlled fashion. Sodium polystyrene sulfonate resin 
(Kayexalate), a sodium/potassium cation exchanger, is administered orally 
or as a retention enema over 30 to 45 minutes at a dose of 0.5 to 1.0 gm/ 
kg body weight. To prevent constipation and to induce further stool losses 
of water and potassium, the resin is administered in a 20% to 25% sorbitol 
solution, 3 ml of solution for each 1 gm of resin. This combination should 
be used with care because the osmotic cathartic effect of sorbitol in higher 
concentrations (70%) has been associated with severe hypernatremic de- 
hydration.°? The Kayexalate may be repeated every 4 to 6 hours as 
needed. Frequent use, however, results in progressive sodium overload 
because of the ion exchange process. 

Finally, if these measures are not successful, or are not effective quickly 
enough because of accompanying renal failure, acute peritoneal or, pref- 
erably, hemodialysis must be instituted.*” * 
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A 


Acanthosis nigricans: due to obesity, 
95 
Acquired immunodeficiency 
syndrome: intravenous 
immunoglobulin in, 50 
Activity: and iron deficiency, 354 
Additives 
aluminum content of, 287 
food, causing urticaria, 201 
Adipose tissue 
biochemistry of, 83-91 
brown, 87 
development of, 83-86 
distribution of, 97-98 
function of, 86-87 
lipogenesis in, regulation of, 87~90 
lipolysis in, regulation of, 87-90 
role in energy homeostasis, 91 
Adolescents: behavioral alterations in 
iron deficiency in, 348-353 
Adoption studies: in obesity, 106 
Adrenal 
cortical antibodies in insulin- 
dependent diabetes, 176-177 
steroids in obesity, 100-102 
Age: and respiratory conditions related 
to passive smoking, 257 
AIDS: intravenous immunoglobulin in, 
50 
Air pollutants (see Indoor air 
pollutants) 
Airborne infections, 270 
Airway 
disease, chronic, ciliary membrane 
in, 158 
epithelium (see Epithelium, airway) 
Allergens: as indoor air pollutants, 
268-272 
Allergic gastroenteropathy, 489 
Allergy 
food (see Food, allergy) 
immune serum globulin in, human, 
20 
Aluminum, 281-330 
blood levels 


interpretation of, 288-289 
relationship to aluminum toxicity, 
289-292 
brain, and aluminum metabolism, 
297-298 
-containing drugs, percent elemental 
aluminum in, 286 
content 
of additives, 287 
of breast milk, 287 
of drugs, 285 
of formulas, infant, 287 
of IV solutions, 287 
in diseases other than renal, 
313-317 
distribution of, 281-282 
elemental, percentage contained in 
aluminum-containing drugs, 
286 
encephalopathy (see 
Encephalopathy, aluminum) 
exposure, 284—288 
reductions in, 312—313 
intoxication in renal failure, 
292-313 
anemia due to (see Anemia, of 
aluminum intoxication) 
bone disease due to (see Bone, 
disease, aluminum) 
central nervous system effects of 
(see Central nervous system, 
effects of aluminum) 
measurement of, 282 
metabolism, and brain aluminum, 
297-298 
methodology, 282-283 
overload, management of, 309-310 
parathyroid gland function and, 
305-306 
physiology of, 283-284 
removal during dialysis, 310-312 
serum, and dialysis, 291-292 
toxicity 
general mechanisms of, 284 
neurologic disorders and, 
primary, 315-316 
parenteral nutrition and, 313-315 
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Aluminum (cont.) 
relationship between blood 
aluminum levels and, 289-292 
Alzheimer’s disease: aluminum in, 
315-316 
Amines: biogenic, in CNS, and iron 
deficiency, 332-335 
y-Aminobutyric acid: and iron 
deficiency, 335 
Ampicillin: causing diarrhea, 489 
Amyotrophic lateral sclerosis: 
aluminum in, 316 
Anaphylactoid reaction: to food, 
definition of, 190 
Anaphylaxis: food, definition of, 190 
Anemia 
of aluminum intoxication, 308-309 
clinical features of, 308-309 
experimental studies, 308 
therapy, 309 
hemolytic, autoimmune, intravenous 
immunoglobulin in, 52 
iron deficiency (see Behavior, 
alterations in iron deficiency) 
of renal failure, 361-389 
causes of, 366 
clinical characteristics of, 365 
dialysis mode and, 375-378 
erythropoietin in (see 
Erythropoietin) 
laboratory characteristics of, 
365-366 
pathogenesis of, 366-382 
severity of, factors influencing, 
367 
Angioedema, 197-201 
clinical features of, 197-198 
histopathology of, 198 
Angiography: computerized 
tomographic, of heart, 445 
Animal sera and antitoxins, 
therapeutic use of, 39-41 
availability of, list of, 40 
hypersensitivity reactions to, 41 
precautions, 41 
Antibiotics: causing chronic diarrhea, 
489 
Antibody(ies) 
adrenocortical, in insulin-dependent 
diabetes, 176-177 


autoantibody to factor VIII, 
hemophilia with, intravenous 
immunoglobulin in, 54 

deficiencies, immunoglobulin in 

intravenous (see Immunoglobulin, 
intravenous, in antibody 
deficiencies) 

standard (see Immunoglobulin, 
standard, in antibody 
deficiencies) 

gastric parietal cell, in insulin- 
dependent diabetes, 176 

to immune serum globulins, human, 
8 7 

insulin, in insulin-dependent 
diabetes, 176 

islet cell 

cystoplasmic, in insulin-dependent 
diabetes, 174-175 

surface, in insulin-dependent 
diabetes, 175-176 

thyroid microsomal, in insulin- 

dependent diabetes, 176 
Antidiuretic hormone activity: 
syndrome of inappropriate, 
causes of, 525 
Antigen: HLA-18, and obesity, 106 


' Antitoxins (see Animal sera and 


antitoxins) 
Aortic elastin: in osteogenesis 
imperfecta, 419 
Arcus senilis: premature, in 
osteogenesis imperfecta, 417 , 
Arterial nitrous oxide saturation 
curves: for measuring coronary 
blood flow, example of, 438 
Arteries: pulmonary artery pressure, 
Doppler flowmetry for, 
477-478 
Arthritis 
osteoarthritis, and obesity, 95 
rheumatoid, intravenous 
immunoglobulin in, 54 
Asbestos: as indoor air pollutant, 
258-260 
ASHRAE standards: historical 
development of, 240 
Asthma 
immunoglobulin in, 20 
smoke exposure and, tobacco, 256 


Atopic dermatitis (see Dermatitis, 
atopic) 

Autoantibody to factor VIII: 
hemophilia with, intravenous 
immunoglobulin in, 54 

Autoimmune 

genes, thyrogastric, in insulin- 
dependent diabetes, 171-172 

hemolytic anemia, intravenous 
immunoglobulin in, 52 


B 


Bacterial 
infections, human immune serum 
globulin in, 21-22 
overgrowth, small intestinal, causing 
chronic diarrhea, 488—489 
Bailey-Dubow rods: in osteogenesis 
imperfecta, 414-415 
Basilar impression: in osteogenesis 
imperfecta, 416 
Behavior 
alterations in iron deficiency, 
331-359 
biochemical bases for, 331-332 
degree of iron deficiency at which 
infant behavior is adversely 
affected, 340-345 
infant studies, 337-347 
iron therapy in, complete 
correction of behavior after, 
345-347 
iron therapy in, rapid change in 
behavior after, 337-340 
in older children, adolescents, 
and adults, 348-353 
recent human studies, 335-337 
feeding, regulation via 
hypothalamus, 78 
Beverages: common, composition of, 
519 
Biochemical bases: for altered 
behavior due to iron deficiency, 
331-332 
Biochemistry: of adipose tissue, 83-91 
Biogenic amines: in CNS, and iron 
deficiency, 332-335 
Biopsy: bone, in aluminum bone 
disease, 302 
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Blood 
flow 
measurements (see below) 
pulmonary, sample calculations 
of, 431 
systemic, sample calculations of, 
431 
flow measurements, 427-481 
angiography for, computerized 
tomographic, 445 
coronary, example of arterial and 
coronary sinus nitrous oxide 
saturation curves for, 438 
Fick principle (see Fick ¢ principle) 
flow per unit volume, ®’"Kr 
method for, 447-448 
flow to very small regions, 
442-444 
flow to very small regions, 
diffusible cationic indicators for, 
443-444 
flow to very small regions, inert 
diffusible indicators for, 
442-443 
indicator dilution techniques (see 
Indicator dilution techniques) 
inert diffusible indicators for, 
equations for, 448 
Kety-Schmidt method, 436-439 
methods with varying vascular 
concentrations, 426—442 
radioactive microsphere methods, 
445-447 
regional (see Doppler flowmetry, 
for regional blood flow) 
residue detection, 439-442 
tomography for, positron 
emission, 444—445 
videodensitometry for, 445 
mean transit time, indicator dilution 
measurement, 462—463 
products containing HBsAg, 
exposure to, hepatitis B 
immune globulin after, 24-26 
volume 
distribution, indicator dilution for 
measurement of, 462—463 
of frog, Starling’s method of 
determining, 428 
Blount’s disease: and obesity, 96 
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Blue sclerae: in osteogenesis 
imperfecta, 416, 417 
Body 
compartments, changes during 
development, 499 
composition, assessment of, 74—76 
electrical conductivity, total, 75 
fluids (see Fluids, body) 
image, and obesity, 93 
mass, lean, fluids as proportion of, 
in infant, 499 
weight regulation, basic physiology 
of, 76-83 
Bone 
biopsy in aluminum bond disease, 
302 
disease, aluminum, 300-308 
clinical features of, 304—305 
DFO in, 307 
effects of aluminum on bone, 
302-304 
experimental studies, 300-301 
renal transplantation in, 308 
testing for, indirect, 306-307 
marrow response to exogenous 
erythropoietin in chronic renal 
failure, 381 
Braces in osteogenesis imperfecta, 414 
Milwaukee, 415 
Brain aluminum: and aluminum 
metabolism, 297-298 
Breast 
feeding 
diabetes and, 173 
obesity and, 108-109 
milk, aluminum content of, 287 
Breath hydrogen test: in unsuspected 
carbohydrate malabsorption, 
485 
Bronchiectasis 
cilia in, compound and internalized, 


ciliary membrane in, 158 

Bruising: in osteogenesis imperfecta, 
419 

Building: sick building syndrome, 265 

Bullous pemphigoid: intravenous 
immunoglobulin in, 54 

Burns: human immune serum 
globulins in, 21 


C 


Calcitonin: in osteogenesis imperfecta, 
411-412 
Caloric expenditure: maintenance 
water and electrolyte 
requirements based on, 502 
Campylobacter: causing day-care 
center diarrhea, 491 
Cancer deaths: lung, and radon, 
268 
Carbohydrate malabsorption: 
unsuspected, causing chronic 
nonspecific diarrhea, 485-486 
Carbon 
dioxide for cardiac output 
measurement, 434—435 
monoxide 
concentrations of indoor 
microenvironments, 243 
exposure, low level, health effects 
of, 244 
as indoor air pollutant, 243-244 
Cardiac (see Heart) 
Cardiovascular 
manifestations of osteogenesis 
imperfecta, 419 
morbidity of obesity, 95 
Caries: and aluminum intoxication, 
309 
Catergen: in osteogenesis imperfecta, 
4 


Cationic indicators: diffusible, for + 
measurement of blood flow to 
very small regions, 443-444 
Cell(s) 
biology, and ciliary defects, 
139-165 
ciliated, distribution in mammals, 
140 
flagellated, distribution in mammals, 
40 
islet (see Antibodies, islet cell) 
Langerhans’, 195-196 
mast (see Mast cell) 
-mediated immunity in insulin- 
dependent diabetes, 177-178 
origin of erythropoietin, 362 
parietal cell antibodies in insulin- 
dependent diabetes, 176 


red cell survival in chronic renal 
failure, 367-368 
Central nervous system 
biogenic amines in, and iron 
deficiency, 332-335 
effects of aluminum, 292-300 
(See also Encephalopathy, 
aluminum) 
clinical features, 294-297 
experimental studies, 292-293 
pathophysiology, 293-294 
Central sheath: ciliary, 143 
Cervical cord compression: in 
osteogenesis imperfecta, 416 
Cervicomedullary compression: in 
osteogenesis imperfecta, 416 
Charcoal: activated, and diarrhea, 486 
Chloroform: as indoor air pollutant, 
262 
Chorionic villus sampling: for prenatal 
diagnosis of osteogenesis 
imperfecta, 410, 411 
Cigarette 
consumption, total, 1955-1985, 
259 
smoke (see Smoke) 
smoking, passive, and respiratory 
illness, 254-255 
age and, 257 
Cilia 
from airway epithelium, 
transmission electron 
micrograph of, 143 
central sheath, 143 
compound and internalized, in 
bronchiectasis, 158 
defects, 139-165 
acquired, 146-147, 155-159 
acquired, in respiratory disease, 
acute, 155-156 
acquired, in respiratory disease, 
chronic, 156—159 
congenital, 146-155 
congenital, evolution and present 
status of nomenclature, 
147-148 
dynein, 141 
dyskinesia, primary 
(See also Kartagener’s syndrome) 
absence of radial spokes in, 
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electron micrograph illustrating, 
149 
animal models of, 154 
discussion of term, 147 
infertility in, clinical aspects of, 
153-154 
microtubular additions in, electron 
micrograph of, 149 
nasal cilia in, electron micrograph 
of, 148 
in pediatrics, 153 
relationship to other chronic and/ 
or congenital diseases, 
154-155 
screening for, 150-153 
ultrastructure of, 148-150 
“dyskinetic cilia syndrome,” 
discussion of term, 147 
form, 143-145 
function of, 143-145 
immotile cilia syndrome, discussion 
of term, 147 
membrane, 143 
in bronchiectasis, 158 
microtubules, 141 
additions in primary ciliary 
dyskinesia, electron micrograph 
of, 149 
transposition to central position, 
electron micrograph of, 150 
necklace in airway epithelium, 144 
nexin, 141 
normal 
overview of, 140-145 
ultrastructure of, 141-143 
radial spokes, 141 
absence in primary ciliary 
dyskinesia, electron micrograph 
illustrating, 149 
in respiratory disease, acute, cross 
sections, 157 
tubulin, 141 
vs. flagella, 140 
Ciliated cells: in mammals, distribution 
of, 140 
Ciliogenesis, 145-146 
in lower eukaryotes, 145 
in mammals, 145-146 
Circadian rhythms: and iron 
deficiency, 334 
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Circulatory shunts: and Fick method, 
430-433 

Clindamycin: causing diarrhea, 489 

CO (see Carbon, monoxide) 

Cognitive function: and iron deficiency 
anemia, 353 

Colitis: due to food sensitivity, 
230-231 

Collagen, type I 

in osteogenesis imperfecta type IV, 
405 
overmodification in type II 

osteogenesis imperfecta, 402 

Colon disorders: due to food 
sensitivity, 230-231 

Combustion gases: as indoor air 
pollutants, 241-243 

Computed tomography (see 
Tomography, computed) 

Cooking stoves: gas, and lung 
function, 247 

Corneal thickness: in osteogenesis 
inperfecta, 417 

Coronary blood flow measurement: 
example of arterial and 
coronary sinus nitrous oxide 
saturation curves for, 438 

Corticosteroids: in insulin-dependent 
diabetes, 179 

Counselling: genetic, in osteogenesis 
imperfecta, 407—409 

Coxa vara: and obesity, 95 

Coxsackievirus B: in diabetes, 
172-173 

Cryptosporidium: causing day-care 
center diarrhea, 491 

CT (see Tomography, computed) 

Cyclosporine: in insulin-dependent 
diabetes, 179-180 

Cystic fibrosis: and primary ciliary 
dyskinesia, 154 

Cytokines: epidermal, 196-197 

Cytomegalovirus infection: intravenous 
immune globulin in, 48—49 

Cytoplasmic antibodies: islet cell, in 
insulin-dependent diabetes, 
174-175 


D 


Day-care centers 
diarrhea in, 490-492 


epidemiology of, 490 
enteric infections in, 490—492 
prevention of, approach to, 492 
Death 
lung cancer, and radon, 268 
sudden cardiac, and aluminum 
toxicity, 309 
Dehydration, 504-520 
clinical assessment of, 505—508 
hypernatremic, 505 
physical signs of, 509 
therapy for, 514-517 
hypertonic, 505 
hyponatremic, 504—505 
physical signs of, 509 
therapy for, 513-514 
hypotonic, 505 
isonatremic, 504, 505 
physical signs of, 509 
therapy for, 511-513 
mild, 508 
moderate, 508 
severe, 508 
therapy, 508-520 
chronological sequences of four 
phases of, 510 
summary of, 516 
type of, effects on physical signs, 
509 
Dehydroepiandrosterone: in obesity, 
101-102 
Dementia: Parkinson-related, 
aluminum in, 316 
Densitometry: for assessing body 
composition, 74—75 
Dentinogenesis imperfecta, 418-419 
illustration of teeth in, 399 
Depression: and obesity, 93 
Dermal-epidermal junction, 194-195 
Dermatitis 
atopic, 201-209 
clinical features of, 201-202 
clinical symptom scores in, 209 
diagnostic features of, 203 
after food ingestion, 205-208 
after food ingestion, listing of 
foods, 207 
after food ingestion, treatment, 
208-209 
histopathology of, 202-204 
immunopathology of, 204-205 


herpetiformis, 209-211 
clinical features of, 209-210 
gluten-sensitive enteropathy and, 
210 
pathogenesis of, 210-211 
treatment of, 211 
Dermatologic problems: and obesity, 
95-96 
Desferrioxamine (see DFO) 
DFO 
in aluminum anemia, 309 
in aluminum bond disease, 307 
in aluminum encephalopathy, 
299-300 
for aluminum removal during 
dialysis, 310-312 
DHEA: in obesity, 101-102 
Diabetes mellitus 
gestational, and obesity, 107 
insulin-dependent, 167-187 
antibodies in, adrenocortical, 
176-177 
antibodies in, gastric parietal cell, 
176 
antibodies in, insulin, 176 
antibodies in, islet cell, 
cytoplasmic, 174~175 
antibodies in, islet cell, surface, 


175-176 

antibodies in, thyroid microsomal, 
176 

environmental factors in, 
172-273 


family history in 168-170 

gender in, 171 

genes in, HLA, 170-171 

genes in, insulin, 172 

genes in, thyrogastric 
autoimmune, 171-172 

genetic predisposition for, 
168-172 

immunity in, cell-mediated, 
177-178 

immunity in, humoral, 174-177 

immunoglobulin allotypes in, 172 

immunologic abnormalities in, 
174-178 

ingestions causing, 173 

natural history of, 167-168, 169 

prevention of, 178-180 

viruses in, 172-173 
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newly diagnosed, intravenous 
immunoglobulin in, 54 
obesity and, 94 
prediabetes, metabolic abnormalities 
in, 178 
Dialysis 
aluminum removal during, 310-312 | 
aluminum and, serum, 291-292 
mode influencing anemia of renal 
failure and serum 
erythropoietin levels, 375-378 
patients, serum erythropoietin and 
serum hematocrit level 
fluctuations in, 379, 380 
peritoneal, chronic ambulatory 
duration of, and hematocrit, 375 
duration of, and incidence of 
hematocrit response, 376 
erythropoietin production during, 
and peritoneal macrophages, 
378-379 
Diarrhea 
chronic, 483—495 
bacterial overgrowth in small 
intestine causing, 488—489 
intestinal dysmotility causing, 
487-488 
laxative abuse causing, 490 
“more specific,” 486-490 
nonspecific (see below) 
pathogenesis of, 483—495 
pathophysiology of, 483-484 
physiology of, 483-484 
protein intolerance causing, 
transient, 487 
chronic nonspecific, 484-486 
carbohydrate malabsorption 
causing, unsuspected, .485—486 
causes of, 484-486 
definition of, 484 
diagnosis of, 484 
fat intake decrease causing, 485 
overfeeding causing, 484—485 
day-care center, 490-492 
epidemiology of, 490 
iatrogenic, 489-490 
persistent (see chronic above) 
Diazepam: in aluminum 
encephalopathy, 299 
Dientamoeba fragilis: causing day-care 
center diarrhea, 491 
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Dietary ingestions: causing diabetes, 
173 
Dieting: for obesity, 111 
Diffusible indicators for blood flow 
measurements 
cationic, 443—444 
inert, 442-443 
equations for, 448 
Diphtheria immunization: aluminum 
in, 316 
DNA: Southern blot analysis, for 
prenatal diagnosis of 
osteogenesis imperfecta, 410 
Dopamine: and iron deficiency, 
332-334 
Doppler flowmetry, 467-481 
application of, 474-478 
for cardiac output measurements 
invasive, 475-476 
noninvasive, 474—475 
for flow velocity determination, 
467-470 
directional, 477 
for great vessel flow patterns, 
474-475 
for hemodynamic function 
assessment, 478 
principles of, 467-474 
for pulmonary artery pressure 
estimation, 477-478 
for regional blood flow, 476-477 


absolute measurements, 476-477 


qualitative analysis, 476 
sampling resolution, errors in, 
470-471 
for shunt assessment, 477 
signal processing, errors in, 471 
variables that affect size and shape 
of volume, 469 
velocity determination, errors in, 
471-473 
volumetric flow calculation, 470 
errors in, 470-474 
DPT immunization: aluminum in, 316 
Drug(s) 
aluminum-containing, percent 
elemental aluminum in, 286 
aluminum content of, 285 
diarrhea due to, 489-490 
therapy of osteogenesis imperfecta, 
411-412 


Dynein: ciliary, 141 

Dyskinesia (see Cilia, dyskinesia) 

“‘Dyskinetic cilia syndrome:”’ 
discussion of term, 147 


E 


Education: maternal, and obesity, 109 
Elastin: aortic, in osteogenesis 
imperfecta, 419 
Electrical conductivity: total body, 75 
Electrolyte 
loss, abnormal, conditions resulting 
Ineo 
maintenance requirements, 
497-504 
based on caloric expenditure, 502 
based on square meter of surface 
area, 503 
solutions, oral 
concentration when diluted, 520 
recommendations for use of, 518 
therapy, 497-535 
(See also Dehydration, therapy) 
in hyperkalemia, 530-533 
in hypernatremia, 526-528 
in hypokalemia, 528-530 
in hyponatremia, 520-526 


Electron micrograph 


illustrating absence of radial spokes 
in primary ciliary dyskinesia, 
149 
of microtubular transposition to 
central position, 150 : 
of nasal cilia in primary ciliary 
dyskinesia, 148 
transmission, of cilium from airway 
epithelium, 143 
Encephalomyocarditis virus: causing 
diabetes (in mice), 172 
Encephalopathy, aluminum 
(See also Central nervous system 
effects of aluminum) 
neurologic changes in, 295 
therapy for, 298-300 
Endocrinology: of obesity, 98-104 
Energy 
expenditure 
approximate hourly, during 
exercise, in adults, 112 
in obesity, 80-83 


‘ 


homeostasis, role of adipose tissue 
in, 91 
intake, 77-80 
-storage sites in 70-kg man, 86 
Enteric infections in day-care centers, 
490-492 
prevention of, approach to, 492 
Enteropathy 
gastroenteropathy, allergic, 489 
gluten-sensitive, 229-230 
dermatitis herpetiformis and, 210 
milk-induced, 226-229 
soy-induced, 226-229 
Environmental 
factors 
in diabetes mellitus, insulin- 
dependent, 172-173 
in obesity (see Obesity, 
environmental factors in) 
tobacco smoke as indoor air 
pollutant, 249, 252-258 
Eosinophilic gastroenteritis: and food 
sensitivity, 225-226 
Epidermal 
cytokines, 196-197 
-dermal junction, 194-195 
Epilepsy: intractable childhood, 
intravenous immunoglobulin in, 
54 
Epiphyses: slipped femoral, and 
obesity, 96 
Epithelium 
airway 
cilia from, transmission electron 
micrograph of, 143 
ciliary necklace in, 144 
nasal, basal feet in 
cross sections, in Kartagener’s 
syndrome, 151 
cross sections, in normal subject, 
150 
longitudinal sections, in 
Kartagener’s syndrome, 152 
longitudinal sections, in normal 
subject, 151 
Epstein-Barr virus infections: 
intravenous immunoglobulin in, 
49 
Erythroid differentiation: sites of action 
of erythropoietin and uremic 
toxins during, 363 
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Erythropoiesis 
decrease in chronic renal failure, 
factors aggravating, 369-370 
inhibition in chronic renal failure, 
368-369 
regulation, role of normal kidney in, 
361-362 
Erythropoietin 
action during erythroid 
differentiation, sites of, 363 
in anemia of chronic renal failure, 
361-389 
biosynthetic human, development 
of, 364-365 
cell origin of, 362 
deficiency in chronic renal failure, 
370-382 
causes of, 374~375 
exogenous, in chronic renal failure 
marrow response to, 381 
response results, 381-382 
function of, 363-364 
hematocrit-tissue oxygenation- 
erythropoietin feedback 
mechanism in renal failure, 
372-374 
production in CAPD patients, and 
peritoneal macrophages, 
378-379 
serum levels 
dialysis mode and, 375-378 
fluctuations in dialysis patients, 
379, 380 
hypoxic stress and, 373 
relationship to glomerular 
filtration rate in chronic renal 
failure, 371 
relationship to hematocrit in 
chronic renal failure, 379-381 
relationship to renal excretory 
function level, 371-372 
structure of, 364-365 
Escherichia coli: causing day-care 
center diarrhea, 491 
Esophagus disorders: due to food 
sensitivity, 225-226 
Estrogen: and obesity, 104 
Eukaryotes: lower, ciliogenesis in, 
145 
Exercise 
energy expenditure during, 
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Exercise (cont.) 
approximate hourly, in adults, 
112 
obesity and, 111, 112 


F 


Factor VIII: auto-antibody to, 
hemophilia with, intravenous 
immunoglobulin in, 54 

Family history: in insulin-dependent 
diabetes, 168-170 

Fat intake decrease: causing chronic 
diarrhea, 485 

Fatty acids: free, and growth hormone 
secretion, 99 

Feeding 

behavior regulation via 
hypothalamus, 78 
breast (see Breast, feeding) 
formula (see Formula) 
overfeeding causing chronic 
diarrhea, 484—485 

Femoral epiphyses: slipped, and 
obesity, 96 

Fibrosis: cystic, and primary ciliary 
dyskinesia, 154 

Fick principle, 429-434 

constant concentration methods, 
429-430 
problems of, 430-434 
unsteady states with, 433-434 

Flagella: vs. cilia, 140 

Flagellated cells: in mammals, 
distribution of, 140 

Flavonoid: in osteogenesis imperfecta, 
412 

Flowmetry (see Doppler flowmetry) 

Fluids(s) 

(See also Water) 
body 
ionic profiles of, 500 
as proportion of lean body mass, 
in infant, 499 
maintenance requirements, 
497-504 
solutions, oral, recommendations for 
use of, 518 
therapy, 497-535 
(See also Dehydration, therapy) 
in hyperkalemia, 530-533 


in hypernatremia, 526-528 
in hypokalemia, 528-530 
in hyponatremia, 520-526 
Fluroide: in osteogenesis imperfecta, 
412 
Food 
additives causing urticaria, 201 
allergy 
(See also hypersensitivity below) 
definition of, 190 
anaphylaxis, definition of, 190 
contact with, urticaria after, 
199-200 
hypersensitivity 
colon disorders due to, 230-231 
definition of, 190 
esophagus disorders due to, 
225-226 
gastrointestinal syndromes 
associated with (See 
Gastrointestinal, syndromes 
associated with food sensitivity) 
intestine disorders due to, small, 
226-231 
oral lesions due to, 223-224 
stomach disorders due to, 
225-226 
idiosyncrasy, definition of, 190 
ingestion 
dermatitis after (see Dermatitis, 
atopic, after food ingestion) 
urticaria after, 200-201 
intake, effect of different agents on, 
79 : 
intolerance, definition of, 190 
poisoning, definition of, 190 
reaction to 
adverse, 189-218 
adverse, definition of, 189 
anaphylactoid, definition of, 190 
metabolic, definition of, 190 
pharmacologic, definition of, 190 
terminology related to, 189-190 
-related urticaria, treatment of, 201 
sensitivity (see Food, 
hypersensitivity) 
toxicity, definition of, 190 
Foreign travel: and immune globulin 
in hepatitis A, 13 
Formaldehyde: as indoor air pollutant 
264 


? 


Formula 
-feeding, and obesity, 108-109 
infant, aluminum content of, 287 


G 


GABA: and iron deficiency, 335 
Gamimune, 42, 43 
Gamimune-N, 42, 43 
Gamma-aminobutyric acid: and iron 
deficiency, 335 
Gammagard, 42, 43 
Gamma globulin (see 
Immunoglobulin) 
Gas(es) 
combustion, as indoor air pollutants, 
241-243 
cooking stoves, and lung function, 
247 
inert gas methods for cardiac output 
measurement, 434436 
Gastric (see Stomach) 
Gastroenteritis 
eosinophilic, and food sensitivity, 
225-226 
postgastroenteritis syndrome, 
487-489 
(See also Diarrhea, chronic) 
viral, intravenous immunoglobulin 
in, 50 
Gastroenteropathy: allergic, 489 
Gastrointestinal 
(See also Stomach; Intestine) 
mucosal barrier, components of, 
Ze 
syndromes associated with food 
sensitivity, 219-237 
clinical manifestations of, 
222-223 
developmental aspects of, 
219-222 
diagnostic approach to, 222-223 
suspected, approach to patient 
with, 228 
tract, immunobiology of, 190-194 
Gender (see Sex) 
Genes 
HLA, in insulin-dependent diabetes, 
170-171 
insulin, in insulin-dependent 
diabetes mellitus, 172 
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thyrogastric autoimmune, in insulin- 
dependent diabetes mellitus, 
171-172 
Genetic 
counselling in osteogenesis 
imperfecta, 407-409 
predisposition for insulin-dependent 
diabetes mellitus, 168—172 
Genetics: of obesity, 105-106 
Genotype: and obesity, 104-106 
Geographic region: and obesity, 109 
Gestational diabetes: and obesity, 107 
Giardia: causing day-care center 
diarrhea, 491 
Globulin 
gamma (see Immunoglobulin) 
immune (see Immunoglobulin) 
immunoglobulin (see 
Immunoglobulin) 
sex hormone binding, and obesity, 
103-104 
Glomerular filtration rate: in chronic 
renal failure, relationship to 
serum erythropoietin levels, 
371 
Glucocorticoids: in obesity, 100 
Glucose polymers: and diarrhea, 486 
Gluten-sensitive enteropathy, 
229-230 
dermatitis herpetiformis and, 210 
Gonads: in obesity, 103-104 
Gout: and obesity, 95 
Great vessel flow pattern: Doppler 
measurement, 474-475 
Growth 
deficiency in osteogenesis 
imperfecta, 419-420 
hormone, and obesity, 99-100 


H 


Hair samples: and aluminum toxicity, 
oly 
Harrington instrumentation: in 
osteogenesis imperfecta, 415 
Hearing impairment: in osteogenesis 
imperfecta, 417-418 
Heart 
(See also Cardiovascular) 
angiography of, computerized 
tomographic, 445 
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Heart (cont.) 
output measurement 
carbon dioxide for, 434-435 
Doppler, invasive, 475-476 
Doppler, noninvasive, 474-475 
indicator dilution techniques, 
458—462 
indocyanine green for, 458-460 
inert gas methods for, 434—436 
nitrous oxide for, 435-436 
thermal dilution for, 460—462 
sudden cardiac deaths, and 
aluminum toxicity, 309 
tomography of, positron emission, 
444-445 
videodensitometry of, 445 
Height/weight ratios, 75-76 
Hematocrit 
dialysis duration and, chronic 
ambulatory peritoneal, 375 
level fluctuations in dialysis patients, 
379, 380 
in renal failure, chronic, relation to 
serum erythropoietin levels, 
379-381 
relationship to renal excretory 
function level, 371-372 
response, incidence of, and duration 
on CAPD, 376 
-tissue oxygenation-erythropoietin 
feedback mechanism in renal 
failure, 372-374 
Hemodynamic function: Doppler 
flowmetry assessing, 478 
Hemolytic anemia: autoimmune, 
intravenous immunoglobulin in, 
a2 
Hemophilia: due to auto-antibody to 
factor VIII, intravenous 
immunoglobulin in, 54 
Hemostatic studies: in osteogenesis 
imperfecta, 419 
Heparin: mast cell granule heparin 
matrix, preformed mediators 
that form strong chemical 
bonds with, 195 
Hepatitis 
A, immunoglobulin in (see 
Immunoglobulin, standard, in 
hepatitis A) 


B 
immunoglobulin (see 
Immunoglobulin, hepatitis B) 
immunoglobulin in, standard, 
13-15 
immunoglobulin in, standard, 
recommendations, 15 
vaccine, aluminum in, 316 
infectious, immunoglobulin in (see 
Immunoglobulin, standard, in 
hepatitis A) 
non-A, non-B, standard 
immunoglobulin in, 16 
recommendations, 16 
serum (see Hepatitis, B) 
HLA 
-18 antigen, and obesity, 106 
genes in insulin-dependent diabetes 
mellitus, 170-171 
Hormone 
causes of syndrome of inappropriate 
antidiuretic hormone activity, 
S25 
growth, and obesity, 99-100 
sex hormone binding globulin, and 
obesity, 103-104 
Hospital personnel: varicella-zoster 
immune globulin in, 39 


‘Humoral immunity: in insulin- 


dependent diabetes mellitus, 
174-177 
Hydrogen breath test: in unsuspected 
carbohydrate malabsorption, 
485 : 
Hypercholesterolemia: and obesity, 94 
Hyperinsulinemia: and obesity, 94 
Hyperkalemia, 530-533 
acute, 532 
differential diagnosis of, 531 
redistribution, 531 
true, 531 
Hypernatremia, 526—528 
differential diagnosis of, 527 
Hypernatremic dehydration (see 
Dehydration, hypernatremic) 
Hypersensitivity 
food (see Food, hypersensitivity) 
reactions to animal sera and 
antitoxins, 41 
Hypertension: and obesity, 94-95 


Hypertonic 
dehydration, 505 
hyponatremia, 522 
Hypogammaglobulinemia: of 
pregnancy, intravenous 
immunoglobulin in, 56 
Hypokalemia, 528-530 
differential diagnosis of, 529 
Hyponatremia, 520-526 
differential diagnosis of, 521 
hypertonic, 522 
hypotonic, 522-526 
isotonic, 520-522 
Hyponatremic dehydration (see 
Dehydration, hyponatremic) 
Hypoplasia: odontoid, in osteogenesis 
imperfecta, 416 
Hypothalamus 
feeding behavior regulation via, 78 
-pituitary axis in obesity, 99-100 
Hypotonic 
dehydration, 505 
hyponatremia, 522-526 
Hypoxic stress: and serum 
erythropoietin, 373 


Iatrogenic diarrhea, 489-490 
Idiosyncrasy: food, definition of, 190 
Ig (see Immunoglobulin) 
Immotile cilia syndrome: discussion of 
term, 147 
Immune 
autoimmune (see Autoimmune) 
globulin (see Immunoglobulin) 
thrombocytopenias, intravenous 
immunoglobulin in, 52 
Immunity 
cell-mediated, in insulin-dependent 
diabetes, 177-178 
humoral, in insulin-dependent 
diabetes, 174-177 
passive, preparations available for, 2 
Immunization: DPT, aluminum in, 316 
Immunobiology 
of gastrointestinal tract, 190-194 
of skin, 194-197 
Immunocompromised 
adults, varicella-zoster immune 
globulin in, 38 
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children, varicella-zoster immune 
globulin in, 38 
Immunodeficiency(ies) 
syndrome, acquired, intravenous 
immunoglobulin in, 50 
in which immunoglobulin may be 
beneficial, 6 
Immunoglobulin(s), 1-72 
allotypes in insulin-dependent 
diabetes mellitus, 172 
animal sera (see Animal sera and 
antitoxins) 
G 
globulin, properties of, 3—5 
molecule, 3 
subclasses, properties of, 4 
hepatitis B, 22-27 
prevention of vertical transmission 
from mother to infants, 23—24 
recommendations, 24-27 
recommendations, after exposure 
to blood products containing 
HBsAg, 24-26 
recommendations, after perinatal 
exposure, 26 
recommendations, after possible 
exposures, 26-27 
recommendations, after sexual 
exposure, 26 
intramuscular 
(See also Immunoglobulin, 
standard and Immunoglobulin, 
special) 
advantages and disadvantages 
compared with intravenous 
immunoglobulin, 45 
intravenous (see below) 
pertussis, 27—28 
recommendations, 28 
rabies, 28—30 
recommendations, 29-30 
special, 22-39 
listing of products available, 2 
standard (see below) 
tetanus, 30-32 
for prophylaxis, 31 
recommendations, 31—32 
for treatment, 31-32 
therapeutic, 1-72 
future directions, 56-57 
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Immunoglobulin(s) (cont.) 
vaccinia, 32-33 
recommendations, 33 
varicella-zoster, 33-39 
determination of susceptibility, 
36-38 
dosage, 39 
in hospital personnel and 
exposures, 39 
in immunocompromised adults, 
38 
in immunocompromised children, 
38 
indications for, 36 
in newborn, 38 
in normal adults, 38-39 
in normal children, 38 
during pregnancy, 39 
recommendations, 35-39 
Immunoglobulin, intravenous, 41—56 
advantages and disadvantages of, 
compared with intramuscular 
immunoglobulin, 45 
in AIDS, 50 
In anemia, autoimmune hemolytic, 
52 
in antibody deficiencies, 44-47 
dosage, 44—46 
self-administration, 46—47 
self-administration, materials 
needed for, 47 
in diabetes, newly diagnosed, 54 
in epilepsy, intractable childhood, 
54 


ideal, properties of, 44 

in immunoregulatory diseases, 

in infections, 47-50 
cytomegalovirus, 48-49 
neonatal, 48 
varicella-zoster, 49 
viral, 49-50 

in Kawasaki’s disease, 53 

licensed in U.S., 43 

in lupus erythematosus, systemic, 


in meningoencephalitis, chronic, 49 
in myasthenia gravis, 53-54 

in neutropenia, 52 

in newborn, 55—56 

in pemphigoid, bullous, 54 


pharmacology of, 41-44 

in premature infant, 55-56 

in rheumatoid arthritis, 54 

in thrombocytopenias, immune, 52 

in thrombocytopenic purpura, 
idiopathic, 50-52 

use of, 41-50 


Immunoglobulin, standard 


adverse effects of, 8-9 

in allergies, 20 

in antibody deficiencies, 9-10 
dosage, 9-10 
slow subcutaneous infusions, 10 

in asthma, 20 

in burns, 21 

dosages, 7 

in hepatitis A, 11-13 
foreign travel and, 13 
after individual exposure, 12-13 
after institutional outbreaks, 13 
after needle exposure, 13 
after primate exposure, 13 
recommendations, 12-13 

in hepatitis B, 13-15 
recommendatons, 15 

in hepatitis, non-A, non-B, 16 
recommendations, 16 

immunodeficiencies benefiting from, 

list of, 6 

indications for, 7 

in infections 
acute, 20 
bacterial, 21-22 

in malaria, 21 

in measles, 10-11 
recommendations, 11 

pharmacology of, 5—6 

in poliomyelitis, 16-17 
recommendations, 17 

in premature infants, 20 

in rubella, 17-19 
recommendations, 18-19 

use of, 5—22 

in varicella, 19-20 
recommendations, 19—20 
recommendations, in adults, 20 
recommendations, in children, 

19-20 


Immunologic 


abnormalities in insulin-dependent 
diabetes mellitus, 174-178 


function in obesity, 96 
Immunoregulatory diseases: 
intravenous immunoglobulin in, 
50-56 
Immunotherapy: in insulin-dependent 
diabetes, 179-180 
Imuran: in insulin-dependent diabetes, 
179-180 
Indicator dilution techniques 
applications for, 462—465 
for blood flow measurements, 
453—466 
with concentration measured 
continuously, 455 
conservation of mass, 456, 457 
disturbance of system, 458 
general assumptions, 456—458 
mixing of indicator, 456—457 
number of inlets and outlets, 
457-458 
sources of error, 456—458 
when all dye is collected, 
454 
for cardiac output measurement, 
458—462 
indocyanine green for, 
458—460 
for extravascular lung water 
measurement, 463—465 
for mean transit time measurement, 
462—463 
for volume of distribution 
mesurement, 462—463 
Indocyanine green: for cardiac output 
measurement, 458—460 
Indoor air pollutant(s), 
239-280 
abatement of, 272 
allergens as, 268-272 
asbestos as, 258-260 
carbon monoxide as, 243-244 
chloroform as, 262 
combustion gases as, 241-243 
formaldehyde as, 264 
historical perspective, 239-241 
mycointoxications, 269 
nitrogen dioxide as, 245-248 
particle board as, 265 
pathogens as, 268-272 
pesticides as, 264 
radiation as, nonionizing, 268 
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radon as, 266-268 
smoke as, tobacco (see Smoke, 
tobacco) 
sulfur dioxide as, 248-249, 
250-251 
tetrachloroethylene as, 261 
volatile organic compounds as, 
260-266 
examples of, 263 
Inert diffusible indicators for 
measurement of blood flow to 
very small regions, 442-443 
equations for, 448 
Inert gas methods: for cardiac output, 
434-436 
Infant 
formula (see Formula) 
premature (see Premature infant) 
Infections 
acute, human immune serum 
globulins in, 20 
airborne, 270 
bacterial, human immune serum 
globulin in, 21-22 
immunoglobulin in, intravenous (see 
Immunoglobulin, intravenous, 
in infections) 
Infertility: in primary ciliary dyskinesia, 
clinical aspects of, 153-154 
Ingestions: causing diabetes, 173 
Insulin 
antibodies in insulin-dependent 
diabetes, 176 
-dependent diabetes mellitus (see 
Diabetes mellitus, insulin- 
dependent) 
gene in insulin-dependent diabetes 
mellitus, 172 
resistance, and obesity, 102-103 
treatment in prevention of insulin- 
dependent diabetes, 179 
Interferon: in insulin-dependent 
diabetes, 179 
Intestine 
(See also Gastrointestinal) 
dysmotility causing chronic diarrhea, 
487-488 
permeability, 220-222 
small 
bacterial overgrowth causing 
chronic diarrhea, 488—489 
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Intestine (cont.) 
food sensitivity and, 226-231 
Intoxication (see Poisoning) 
Ionic profiles: of body fluids, 500 
Iron 
deficiency 
activity and, 354 
behavioral alterations in (see 
Behavior, alterations in iron 
deficiency) 
biogenic amines in CNS and, 
332-335 
cognitive function and, 353 
work, capacity and, 354 
status, characterization of, 336-337 
therapy (see Behavior, alterations in 
iron deficiency, iron therapy in) 
Islet cell (see Antibodies, islet cell) 
Isomaltase deficiency: and diarrhea, 
485 
Isonatremic dehydration (see 
Dehydration, isonatremic) 
Isotonic hyponatremia, 520-522 
IV solutions: aluminum content of, 


287 


K 


Kartagener’s syndrome 
(See also Cilia, dyskinesia, primary) 
basal feet in nasal epithelium in 
cross sections, 151 
longitudinal sections, 152 
discussion of term, 147 
Kawasaki’s disease: intravenous 
immunoglobulin in, 53 
Kayexalate: in hyperkalemia, 533 
Keratoconus: in osteogenesis 
imperfecta, 417 
Kety-Schmidt method: for blood flow 
measurement, 436-439 
Kidney 
excretory function level, relationship 
to serum erythropoietin levels 
and hematocrit, 371-372 
failure, chronic 
aluminum intoxication in (see 
Aluminum, intoxication in renal 
failure) 
anemia of (see Anemia, of 
chronic renal failure) 


erythropoiesis decrease in, factors 
aggravating, 369-370 
erythropoiesis inhibition in, 
368-369 
erythropoietin deficiency in, 
370-382 
erythropoietin deficiency in, 
causes of, 374~375 
erythropoietin in, exogenous (see 
Erythropoietin, exogenous) 
glomerular filtration rate in, 
relationship to serum 
erythropoietin levels, 371 
hematocrit-tissue oxygenation- 
erythropoietin feedback 
mechanism in, 372-374 
red cell survival in, 367-368 
relationship between hematocrit 
and serum erythropoietin levels 
in, 379-381 
normal, role in erythropoiesis 
regulation, 361-362 
osteodystrophy, 303 
transplantation (see Transplantation, 
kidney) 
81™Kr method: for measuring blood 
flow per unit volume, 447—448 


L 


Lactose malabsorption: causing 
chronic diarrhea, 485 
Langerhans’ cells, 195-196 
Laxative abuse: causing chronic : 
diarrhea, 490 
Lean body mass: fluids as proportion 
of, in infant, 499 
Legg-Calvé-Perthe’s disease: and 
obesity, 96 
Leukemia: pseudohypokalemia of, 
528 
Lipogenesis 
activation of, 92, 93 
in adipose tissue, regulation of, 
87-90 
biochemistry of, 89 
Lipolysis 
activation of, 92, 93 
in adipose tissue, regulation of, 
87-90 
biochemistry of, 89 


Lung 
(See also Pulmonary) 
cancer deaths, and radon, 268 
disease due to aluminum, 316 
function 
gas cooking stoves and, 247 
nitrogen dioxide exposure and, 
246 
water, extravascular, indicator 
dilution measurement, 
463—465 
Lupus erythematosus: systemic, 
intravenous immunoglobulin in, 
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M 


Macrophages: peritoneal, and 
erythropoietin production in 
CAPD patients, 378-379 

Malabsorption: unsuspected 
carbohydrate, causing chronic 
nonspecific diarrhea, 485-486 

Malaria: human immune serum 
globulin in, 21 

Malocclusion: in osteogenesis 
imperfecta, 419 

Marrow response: to exogenous 
erythropoietin in chronic renal 
failure, 381 

Mast cell(s) 

cutaneous, 197 
mediator(s), 196 
granule, preformed and rapidly 
released into surrounding 
tissues, 194 
preformed, forming strong 
chemical bonds with mast cell 
granule heparin matrix, 195 
release, initiation of, 192 
release, non-IgE-dependent, 
agents capable of triggering, 
193 
Maternal education: and obesity, 109 
Measles, immunoglobulin in, 10-11 
recommendations, 11 

Meningoencephalitis: chronic, 
intravenous immunoglobulin in, 
49 

Menstrual abnormalities: and obesity, 
104 


4 Index / 553 


Metabolic 
abnormalities in prediabetes, 178 
food reaction, definition of, 190 
Microbial sampling: indoor, 271 
Micrograph (see Electron micrograph) 
Microsomal antibodies: thyroid, in 
insulin-dependent diabetes, 
176 
Microsphere methods: radioactive, for 
blood flow measurements, 
445-447 
Microtubules (see Cilia, microtubules) 
Milk 
breast, aluminum content of, 287 
-induced enteropathy, 226-229 
Milwaukee bracing: in osteogenesis 
imperfecta, 415 
Mitral valve prolapse: in osteogenesis 
imperfecta, 419 
Molecular developments: in 
osteogenesis imperfecta, 
400—407 
Morbidity (see Obesity, -related 
morbidity) 
Mortality (see Death) 
Motor performance: and aluminum 
toxicity, 317 
Mucormycosis: after DFO during 
dialysis, 312 
Mucosal barrier: gastrointestinal, 
components of, 221 
Mumps virus: in diabetes, 173 
Munchausen’s syndrome: by proxy, 
490 
Muscle: skeletal, and iron deficiency, 
pa tote, 
Myasthenia gravis: intravenous 
immunoglobulin in, 53-54 
Mycointoxications: and indoor air 
pollution, 269 
Myoglobin: and iron deficiency, 335 


N 


NAAQS primary standard, 241 
Nasal 
cilia in primary ciliary dyskinesia, 
electron micrograph of, 148 
epithelium (see Epithelium, nasal) 
Nervous system (see Central nervous 
system) 
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Neurologic 
changes in encephalopathy of 
progressive renal failure, 295 
disorders, primary, and aluminum, 
315-316 
evaluation in osteogenesis 
imperfecta, 416 
Neutropenia: intravenous 
immunoglobulin in, 52 
Newborn 
immunoglobulin in 
intravenous, 55—56 
varicella-zoster, 38 
infections, intravenous immune 
globulin in, 48 
Nexin: ciliary, 141 
Nicotinamide: in prevention of insulin- 
dependent diabetes, 179 
Nitrogen dioxide 
exposure, pulmonary function after, 
246 
as indoor air pollutant, 245-248 
Nitrous oxide 
for cardiac output measurements, 
435-436 
saturation curves, arterial and 
coronary sinus, for coronary 
flow measurement, 438 
NOz (see Nitrogen dioxide) 
Nutrition 
parenteral, and aluminum toxicity, 
315-316 
undernutrition, prenatal, and 
obesity, 108 


O 


Obesity, 73-137 
adoption studies in, 106 
adrenal steroids in, 100-102 
definition of, 73-74 
diagnostic criteria for, 73-76 
endocrinology of, 98-104 
energy expenditure in, 80-83 
environmental factors in, 106-109 
postnatal, 108-109 
prenatal, 107-108 
exercise and, 111, 112 
genetics of, 105-106 
genotype and, 104-106 
gonads in, 103-104 


hypothalamic-pituitary axis in, 
99-100 
pancreas in, endocrine, 102-103 
pathophysiology of, 73-137 
prevention of, 109-113 
-related morbidity, 91-98 
medical, 94-96 
psychologic, 93-94 
risk factors for, 96-97 
thyroid in, 102 
treatment of, 109-113 
early intervention, 110 
recommendations for, 110-113 
twin studies in, 105-106 
Ocular findings: in osteogenesis 
imperfecta, 416—417 
Odontoid hypoplasia: in osteogenesis 
imperfecta, 416 
Oral 
abnormalities in osteogenesis 
imperfecta, 419 
lesions due to food sensitivity, 
223-224 
tolerance for food, 219-220 
Organic compounds, volatile, as 
indoor air pollutants, 260-266 
examples of, 263 
Orthopedic 
appliances used in osteogenesis 
imperfecta, 415 
management of osteogenesis 
imperfecta, 414-415 
problems of obesity, 95-96 
Osteoarthritis: and obesity, 95 
Osteodystrophy: renal, 303 
Osteogenesis imperfecta, 391-426 
cardiovascular manifestations of, 
419 
cases with unexpected inheritance, 
409 
clinical classification of, 392-400 
Sillence, 393 
genetic counselling in, 407-409 
growth deficiency in, 419-420 
hearing impairment in, 417—418 
history, 392 
incidence of, 400 
management of, clinical, 410 
molecular developments in, 
400—407 


neurologic evaluation in, 416 
ocular findings in, 416-417 
orthopedic appliances used in, 415 
prenatal diagnosis of, 409-410 
treatment of 
orthopedic, 414-415 
pharmacologic, 411-412 
rehabilitation, 412-414 
type I, 397-400 
type II, 393-395 
collagen type | in, 
overmodification of, 402 
type Ill, 395-397 
type IV, 397-400 
collagen type I in, 405 
Osteomalacia: due to aluminum, in 
chronic renal failure, 300-301 
Overfeeding: causing chronic diarrhea, 
484-485 
Oxygenation: hematocrit-tissue 
oxygenation-erythropoietin 
feedback mechanism in renal 
failure, 372-374 


eS 


Pancreas: endocrine, in obesity, 
102-103 
Parathyroid gland function: effects of 
aluminum on, 305-306 
Parathyroidectomy 
in aluminum bone disease, 306 
in aluminum encephalopathy, 299 
Parenteral nutrition: and aluminum 
toxicity, 313-315 
Parietal cell antibodies: in insulin- 
dependent diabetes, 176 
Parkinson-related dementia: aluminum 
in, 316 
Particle board: emission rates from, 
265 
Pathogens: as indoor air pollutants, 
268-272 
Pemphigoid: bullous, intravenous 
immunoglobulin in, 54 
Perinatal exposure: to hepatitis B, 
hepatitis B immune globulin 
after, 26 
Peritoneal 
dialysis (see Dialysis, peritoneal) 
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macrophages, and erythropoietin 
production in CAPD patients, 
378-379 
Pertussis 
DPT immunization, aluminum in, 
316 
immune globulin, 27-28 
recommendations, 28 
Pesticides: measurements in 
residences, 264 
PET: of heart, 444445 
Peyer’s patches, 191 
Pharmacologic 
food reaction, definition of, 190 
therapy of osteogenesis imperfecta, 
411-412 
Pharmacology of immunoglobulin 
intravenous, 41—44 
standard, 5—6 
Physical therapy: in osteogenesis 
imperfecta, 412-414 
Pituitary-hypothalamic axis: in obesity, 
99-100 
Plasma concentrates: aluminum in, 
316-317 
Plasmapheresis: in insulin-dependent 
diabetes, 179 
Poisoning 
aluminum (see Aluminum, 
intoxication in renal failure) 
food, definition of, 190 
Poliomyelitis, immunoglobulin in, 
16-17 
recommendations, 17 
Pollutants (see Indoor air pollutants) 
Positron emission tomography: of 
heart, 444-445 
Postgastroenteritis syndrome, 
487-489 
(See also Diarrhea, chronic) 
Postnatal environmental factors: in 
obesity, 108-109 
Prediabetes: metabolic abnormalities 
in, 178 
Pregnancy 
diabetes during, and obesity, 
107 
hypogammaglobulinemia of, 
intravenous immunoglobulin in, 


56 


556 / Index 


Pregnancy (cont.) 
varicella-zoster immune globulin 
during, 39 
Premature infant, immunoglobulin in 
intravenous, 55—56 
standard, 20 
Prenatal 
diagnosis of osteogenesis 
imperfecta, 409-410 
environmental factors in obesity, 
107-108 
undernutrition, and obesity, 108 
Procollagen molecule, 401 
Prolactin: in obesity, 100 
Protein 
intolerance, transient, causing 
chronic diarrhea, 487 
restriction, and prevention of 
insulin-dependent diabetes, 
178 
Pseudohyperkalemia, 530 
Pseudohypokalemia: of leukemia, 528 
Psychologic 
morbidities of obesity, 93-94 
stress, and obesity, 93-94 
Pulmonary 
(See also Lung) 
artery pressure, Doppler flowmetry 
for, 477-478 
flows and shunts, sample 
calculations of, 431 
Pulp chamber occlusion: in 
osteogenesis imperfecta, 419 
Purpura: idiopathic thrombocytopenic, 
intravenous immunoglobulin in, 
50-52 


R 


Rabies immune globulin, 28-30 
recommendations, 29-30 
Radial spokes, ciliary, 141 
absence in primary ciliary 
dyskinesia, electron micrograph 
illustrating, 149 
Radiation: nonionizing, as indoor air 
pollutant, 268 
Radioactive microsphere methods: for 
blood flow measurements, 
445-447 


Radon 
as indoor air pollutant, 266—268 
222, decay chain and half lives of, 
267 
Red cell survival: in chronic renal 
failure, 367-368 
Rehabilitation medicine: in 
osteogenesis imperfecta, 
412-414 
Rehydration: oral, in developed 
countries, 517—520 
Renal (see Kidney) 
Residue detection: for blood flow 
measurement, 439—442 
Respiratory 
complications of obesity, 95 
disease 
acute, acquired ciliary defects in, 
155-156 
chronic, acquired ciliary defects 
in, 156-159 
illness, and passive smoking, 
254-255 
age and, 257 
infections, intravenous 
immunoglobulin in, 49-50 


Retinitis pigmentosa: and primary 


ciliary dyskinesia, 155 
Rheumatoid arthritis: intravenous 
immunoglobulin in, 54 
Rod(s) in osteogenesis imperfecta 
Bailey-Dubow, 414415 
Sofield, 415 
Rodenticide ingestion: causing 
diabetes, 173 
Rotavirus: causing day-care center 
diarrhea, 491 
Rubella 
diabetes mellitus and, 173 
immunoglobulin in, standard, 
17-19 
recommendations, 18-19 


S 


Salmonella: causing day-care center 
diarrhea, 491 

Sandoglobulin, 42, 43 

Sclerae: blue, in osteogenesis 
imperfecta, 416, 417 


Sclerosis: amyotrophic lateral, 
aluminum in, 316 
Scoliosis: in osteogenesis imperfecta, 
management of, 415 
Self-esteem: and obesity, 93 
Serotonin: and iron deficiency, 
334-335 
Sex 
hormone binding globulin, and 
obesity, 103-104 
steroids in obesity, 100-101 
type in insulin-dependent diabetes, 
171 
Sexual exposure: to hepatitis B, 
hepatitis B immune globulin 
after, 26 
Shigella: causing day-care center 
diarrhea, 490-491 
Shunt 
assessment, Doppler flowmetry for, 
477 
circulatory, and Fick method, 
430-433 
pulmonary, sample calculations of, 
431 


systemic, sample calculations of, 
431 
Sick building syndrome, 265 
Sillence classification: of osteogenesis 
imperfecta, 393 
Skeletal muscles: and iron deficiency, 
335 
Skin 
immunobiology of, 194-197 
telangiectases, and aluminum, 316 
Skinfold thickness, 76 
Smoke, tobacco 
exposure, effects on asthma 
patients, 256 
as indoor air pollutant, 249, 
252-258 
mainstream, fresh, undiluted, 
constituents of, 252-253 
sidestream, diluted, constituents in, 
252-253 
Smoking, passive, and respiratory 
illness, 254-255 
age and, 257 
Socioeconomic status: and obesity, 
109 
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Sodium fluoride: in osteogenesis 
imperfecta, 412 
Sofield rods: in osteogenesis 
imperfecta, 415 
Somatomedin: in obesity, 99 
Sorbitol: and diarrhea, 486 
Southern blot analysis: of DNA for 
prenatal diagnosis of 
osteogenesis imperfecta, 410 
Soy-induced enteropathy, 226-229 
Spinal cord compression: cervical, in 
osteogenesis imperfecta, 416 
Stapedectomy: in osteogenesis 
imperfecta, 418 
Starling’s method: of determining 
blood volume of frog, 428 
Steroids: adrenal, in obesity, 100-102 
Stomach 
(See also Gastrointestinal) 
disorders due to food sensitivity, 
225-226 
parietal cell antibodies in insulin- 
dependent diabetes, 176 
Stoves: gas cooking, and lung 
function, 247 
Streptozotocin: causing diabetes (in 
animals), 173 
Stress 
hypoxic, and serum erythropoietin, 
373 
psychologic, and obesity, 93-94 
Sucrose-isomaltase deficiency: and 
diarrhea, 485 
Sucrose malabsorption: and diarrhea, 
485 
Sudden cardiac deaths: and aluminum 
toxicity, 309 
Sulcal prominence: in osteogenesis 
imperfecta, 416, 417 
Sulfur dioxide 
in home, time variation of, 248 
as indoor air pollutant, 248-249, 
250-251 
Swimming: for osteogenesis 
imperfecta, 413 


T 


Teeth 
in dentogenesis imperfecta, 
illustration of, 399 
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Teeth (cont.) 
in osteogenesis imperfecta, 
418-419 
Telangiectases: skin, and aluminum, 
316 
Television viewing: and obesity, 109 
Tetanus 
DPT immunization, aluminum in, 
316 
immune globulin (see 
Immunoglobulin, tetanus) 
Tetrachloroethylene: as indoor air 
pollutant, 261 
Thermal dilution: for cardiac output 
measurement, 460—462 
Thrombocytopenias: immune, 
intravenous immunoglobulin in, 
52 
Thrombocytopenic purpura: 
idiopathic, intravenous 
immunoglobulin in, 50-52 
Thyrogastric autoimmune genes: in 
insulin-dependent diabetes 
mellitus, 171-172 
Thyroid 
microsomal antibodies in insulin- 
dependent diabetes, 176 
in obesity, 102 
Tobacco smoke (see Smoke, tobacco) 
Tomography 
computed 
for heart studies, 445 
in osteogenesis imperfecta, 416, 
417 
positron emission, of heart, 
444-445 
Total body electrical conductivity, 75 
Toxicity 
(See also Poisoning) 
aluminum (see Aluminum, toxicity) 
food, definition of, 190 
Toxins 
antitoxins (see Animal sera and 
antitoxins) 
ingestion of, causing diabetes, 173 
uremic, sites of action during 
erythroid differentiation, 363 
Transplantation, kidney 
in aluminurr bone disease, 308 
in aluminum encephalopathy, 299 


Travel: foreign, and immune globulin 
in hepatitis A, 13 

Tubulin: ciliary, 141 

Twin studies: in obesity, 105-106 


U 


Ultrasound: in prenatal diagnosis of 
osteogenesis imperfecta, 410 
Ultrastructure 
of cilia, normal, 141-143 
of ciliary dyskinesia, primary, 
148-150 
Undernutrition: prenatal, and obesity, 
108 
Uremic toxins: sites of action during 
erythroid differentiation, 363 
Urticaria, 197-201 
causes of, 199 
clinical features of, 197-198 
after food contact, 199-200 
after food ingestion, 200-201 
food-related, treatment of, 201 
histopathology of, 198 
Usher’s syndrome: and primary ciliary 
dyskinesia, 155 


V 


‘Vaccine: hepatitis B, aluminum in, 


316 
Vaccinia immune globulin, 32-33 
recommendations, 33 
Vacor ingestion: causing diabetes, 173 
Valve: mitral valve prolapse in ; 
osteogenesis imperfecta, 419 
Varicella 
immunoglobulin in, standard (see 
Immunoglobulin, standard, in 
varicella) 
-zoster 
immune globulin (see 
Immunoglobulin, varicella- 
zoster) 
infections, intravenous 
immunoglobulin in, 49 
Ventriculomegaly: in osteogenesis 
imperfecta, 416, 417 
Vessels 
(See also Cardiovascular) 
great vessel flow pattern, Doppler 
measurement, 474-475 


Videodensitometry: of heart, 445 
Villus sampling: chorionic, for prenatal 
diagnosis of osteogenesis 
imperfecta, 410, 411 

Virus 
in diabetes, insulin-dependent, 
172-173 
infections, intravenous immune 
globulin in, 49-50 
rotavirus causing day-care center 
diarrhea, 491 
Visual-motor performance: and 
aluminum toxicity, 317 
Volatile organic compounds as indoor 
air pollutants, 260-266 
examples of, 263 


Ww 


Water 
(See also Fluid) 
extravascular lung, indicator dilution 
measurement, 463—465 
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loss, abnormal, conditions resulting 
in, 511 
maintenance requirements 
based on caloric expenditure, 502 
based on square meter of surface 
area, 503 
total body, changes during 
development, 499 
Weight 
body, regulation, basic physiology 
of, 76-83 
/height ratios, 75-76 
Work capacity: and iron deficiency, 
354 


Y 


Yersinia enterocolitica infection: after 
DFO during dialysis, 312 
Young’s syndrome, 154-155 


Z 


Zoster (see Varicella, -zoster) 
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